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of these topics is given in the main body of the report and more details are
provided in the Appendices.




ABSTRACT

"This final report provides an overview of the major activities for our
research program on the topic of diffusion and defect chemistry of
mercury cadmium telluride (MCT; Hg}.,CdxTe). In this study, we
have measured tracer self-diffusion and interdiffusion coefficients in
the MCT system. This provides a basis for proposed defect models for
this system. A theoretical analysis based on the thermodynamics of
diffusion led to new equations for interrelating the diffusion
quantities in pscudobinary systems, such as MCT. This analysis is
consistent with our experimental information on diffusion in MCT.
Epitaxial growth studies are also discussed. The isothermal vapor
phase growth method was particularly emphasized in the present
study. The kinetics were investigated and a mechanism proposed,
based on the kinetic studies and phase equilibria information that is
available in the literature. There are also a number of other topics
that are described: a novel growth method to prepared graded
compositions; a new novel isothermal liquid phase growth method;
an electrochemical methods for measuring thermochemical quantities
for the key binary compounds: and a study of the surface
morphology for liquid phase epitaxial MCT. An overview of these
topics is given in the main body of the report and more details are
provided in Appendices.
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I. INTRODUCTION AND SYNOPSIS

In thic program, we have investigated several topics concerning
growth and diffusion phenomena in mercury cadmium telluride
(HgxCdj-xTe; MCT). The growth studies have emphasized the
isothermal vapor phase method (ISOVPE) of growth for MCT. We
have elucidated the mechanism of growth for this process, based on
thermodynamic and phase information in the literature, and have
added several refinements to the growth process, including methods
for controlling surface composition and surface morphology. In
addition, we have developed a new isothermal liquid phase epitaxial
growth method and have utilized an electrochemical method to
measure the thermochemical properties of the major compounds in
the MCT system.

Both tracer self-diffusion and interdiffusion measurements were
made in MCT. Self-diffusion studies were made for all three
components as a function of the mercury overpressure. One objective
of the self-diffusion measurements was to establish the diffusion
mechanism and to reveal the defect chemistry of MCT. Another
objective was to relate the interdiffusion coefficients to the self-
diffusion coefficients. In order to accomplish the later task, a new
theoretical expression was derived that is valid for pseudobinary
systems. The interdiffusion coefficients were determined by two
methods: a direct junction couple between CdTe and HgTe, and an
analysis of the growth kinetics in ISOVPE. In the junction couple
interdiffusion experiments, Marker experiments were made to
investigate the Kirkendall effect in this system.

Our work has resulted in a number of significant contributions for
understanding the MCT system. These contributions have been
described in detail in two Ph.D. theses (J. G. Fleming and M. F. S.
Tang), four patent disclosures, fourteen publications, three
manuscripts currently under review, and three manuscripts in
preparation. A list of these publications is given in the bibliography.

In this final report, we provide the highlights of each of these
contributions. More detail is provided in the Appendixes, which
consists of copies of journal articles that are in print or presently
under review.




II. MAJOR ACCOMPLISHMENTS

A. The Mechanism of Growth focr the Isothermal Vapor
Phase Epitaxial Growth of MCT

The isothermal vapor phase epitaxial growth of MCT (ISOVPE)
consists of a closed ampule growth system, with a HgTe or a MCT
powder source, and a CdTe substrate. The method has been studied
for many years and has many attractive features; it is simple to
implement, it is close to equilibrium growth, the surface morphology
can be excellent, and purification can be implemented by the vapor
phase transport step. Prior to our work, there was no clear
description of the mechanism of growth. We have developed a model
for the growth mechanism, based on our experimental studies of the
kinetics of growth, as well as previous studies of growth kinetics and
the studies of solid-liquid-vapor phase equilibria. The growth is a
combination of transport of Tez and Hg frem the source to the CdTe
substrate and interdiffusion between Hg and Cd in the growing layer.
The basic driving force is a tellurium chemical potential gradient
between the source and substrate, which is related to the
dependence of the tellurium chemical potential on the x value (CdTe
fraction in MCT). The initial growth regime obeys linear kinetics and
the Te2 vapor transport is the rate limiting process. At a later stage,
parabolic kinetics are obeyed, corresponding to a diffusion limited
growth regime. For most of the growth schedules, the majority of the
growth occurs under diffusion controlled kinetics. Further details of
the growth procedure and the growth mechanism is provided in
Appendix A.

B. Control of the Surface Composition of Isothermal Vapor
Phase Epitaxial Mercury Cadmium Telluride

In the previous studies of the ISOVPE method, the control of the
surface composition was achieved by a very accurate schedule of
time and temperature for the growth. We developed a method of
fixing the surface composition by using a solid-liquid-vapor source in
equilibrium with the desired surface composition. For sufficiently
long growth times and for x values in the range of 0.2 to 0.7, good




control of the surface composition is achieved. Further details of this
method are provided in Appendix B.

C. The Effect of Orientation on the Surface Morphology of
Mercury Cadmium Telluride Grown by LPE and VPE

There are advantages in layer morpholgy and uniformity of doping
from terrace-free layers. We have studied the influence of substrate
orientation on the surface morpholgy for both LPE and ISOVPE
growth. Lenticular {111} CdTe substrates were formed using a simple
grinding jig. MCT layers were grown using a tilting LPE method, or
our ISOVPE method. By measuring the radius of curvature of the
substrate and the size of the terrace free regime, one can calculate
the critical misorientation for the development of terraces. This was
found to be on the order of 0.2 * 0.1°. Further details of this study
are given in Appendix C.

D. Cooling Rate Dependence of the Morphology of
Hgo.80Cdo.20Te Liquid Phase Epitaxial Layers. ’

A related study of surface morphology was made, namely the
influence of cooling rate on the mcrphology of LPE MCT layers. LPE
layers were grown on CdTe substrates at 500°C at various cooling
rates, The width of terraces was inversely proportional to the cooling
rate. The result is explained by the increase in constitutional
supercooing with increasing cooling rate. Further details are given in
Appendix D.

E. Interdiffusion in Mercury Cadmium Telluride Evaluated
from Vapor Phase Growth Kinetics

As was indicated in section II. A, after an initial vapor phase
transport limited regime, the growth kinetics of MCT is diffusion
limited. We have developed a method of determining the
interdiffusion coefficients in MCT by an analysis of the ISOVPE
growth profiles. Because the interdiffusion coefficient increases
substantially with decreasing x value, the interdiffusion process
reaches a quasi-steady state in the concentration regime from x=0.1
to x=0.7. Using a simple geometric analysis of the profiles in this
composition regime, interdiffusion coefficients were obtained over
the temperature range from 450 to 700°C. Our results are in good
agreement with previous studies of interdiffusion. The method offers




advantages in simplicity and the ability to control the defect
chemistry of MCT during measurement. Further details of this study
are given in Appendix E.

F. Isothermal Liquid Phasc Epitaxial Growth of Mercury
Cadmium Telluride

As was mentioned in section II A, the ISOVPE method offers
simplicity and also the possibility of purification during the vapor
transport step. An advantage of LPE is the favorable segregation
coefficient of many impurities between the liquid solvent and the
growing layer. We have developed an isothermal liquid phase
epitaxial growth method (ISOLPE) to take advantage of the simplicity
of the isothermal process and the purification of the liquid solvent
process. Epilayers were grown by a mercury or tellurium-rich
solvent at 500°C. Growth is initiated by the deposition of HgTe onto
the substrate. Cadmium then diffuses from the substrate to the
surface, thus increasing the x value and reducing the tellurium
pressure at the surface to a value below that of the source. This
maintains the chemical potential gradient between source and
growing layer and leads to further HgTe deposition. Interdiffusion
coefficients were calculated from the growth profiles using the
methods described in section II. E. Further details of the ISOLPE
process are given in Appendix F.

G. Vickers Hardness of MCT Epilayers Grown by Isothermal
Vapor Phase Fpitaxy

The hardness of compound semiconductor alloy systems is a quantity
of practical and theoretical interest. The hardness relates to the ease
of plastic deformation and the ease with which dislocations are
introduced duting such processes as crystal growth, wafer slicing,
and curface polishing. In addition, the mechanicai properties are
related to fundamental atomic properties by theory. To provide more
information on MCT, we employed a novel variation of our ISOVPE
process, in which the substrate is oriented normal to the source. With
appropriate growth times, a MCT layer is grown with a graded
composition along the surface of the layer. Epilayer thicknesses of
100-200 um were deposited with x values ranging from 0.1 to 0.7.
Vickers hardness measurements were made over the composition
range with hardness values varying from 33 to 75 kg/mm?2. These
values are in good agreement with hardness values in the literature




which were meacured on individual bulk specimens. Our method is
particularly effective since a single oriented layer of varying
composition is measured, rather than separately prepared samples of
different orientation. Further details of the hardness studies are
given in Appendix G.

H. The Determination of the Free Energy of Formation of
Binary Tellurides Using Lithium Coulometric Titration
Techniques

A low temperature electrochemical coulometric titration technique
using Li was developed and used to determine the Gibbs free
energies of formation cf binary telluride compounds. The approach is
based on the metal/lithium/tellurium phase diagram and relies upon
the rapid diffusion of Li in these systems. The Gibbs free energy of
formation of LipTe was determined by electrochemically titrating Li
into pure Te until a 2 phase LipTe/Te mixture was formed. With this
information, the Gibbs free energies of formation of HgTe, CdTe, and
ZnTe were determined from the measured Li electrochemical
potential found in appropriate metal/telluride/LioTe Gibbs tie
triangle regions. Suitable analysis of the data gave room

temperature values for the free energies of formation for CdTe, ZnTe,
and HgTe of -23.2 * 0.6, -26.4 £ 0.9 and -6.8 * 1.1 kcal, respectively.
in good agreement with the literature. Further details of the
determination of the free energies of formation of binary tellurides
using electrochemical coulometric techniques are given in Appendix
H.

I. Interdiffusion Behavior in HgTe-CdTe Junctions

The interdiffusion kinetics in the HgTe-CdTe system relate to a
number of practical processes: the homogenization of solid state
recrystailized samples (a2 major method for preparing MCT). the
conversion of MCT from p to n-type by annealing in a Hg ambient;
the stability of junctions, such as LPE layers on CdTe substrates; and
the stability of superlattices. Prior to our work, the interdiffusion
coefficients (D) were determined for MCT only at higher
temperatures, whereas there is interest in the stability of junctions
at growth temperatures for MBE and MOCVD. We have measured D
from 600 to 300°C for HgTe-CdTe diffusion couples. The influence of
binary composition, temperature, and Hg overpressure on the
diffusion coefficient was established. Significant differences were




found in the behavior of D in two temperature regimes. At higher
temperatures ‘T > 450°C), D is a strong function of composition and
temperat:~> and is insensitive to the Hg overpressure. At lower
temp: - ‘tures (T< 450°C), the following trends are observed with
decreasing temperature: (i) the activation energy decreases, (ii) D is
less dependent on x (the mole fraction of CdTe), and (iii) D depends
on Hg overpressure. Based on an analysis of our interdiffusion
information, a dual mechanism is proposed for diffusion at higher
temperatures (T > 450°C), with a vacancy mechanism and an
interstitial mechanism dominating at low and high x value regions,
respectively, and an interstitial mechanism predominating at lower
temperatures. The proposed model is confirmed by electrical
property, tracer diffusion and theoretical studies, and provides a
basis for predicting the interdiffusion behavior at even lower
temperatures. Further details of the interdiffusion study are given in
Appendix 1.

J. Tracer Self-Diffusion in Mercury Cadmium Telluride;
Diffusion Mechanisms

The tracer self-diffusion coefficients are fundamental quantities that
provide insight into diffusion mechanisms, provide information on
the dominant defect chemistry of compound semiconductors, and are
used to calculate the interdiffusion coefficient from fundamental
diffusion theory. The diffusion coefficients for the three components
in the MCT system (x= 0.2) were studied by tracer techniques. There
are two branches in the tracer diffusion profiles for each component.
Tellurium diffuses much more slowly than either metal species, and
the fast component of Te is related to chemical diffusion for attaining
equilibrium stoichiometry and does not appear in preannealed
samples. The two components for each metal both appear after
preannealing and are related to the lattice diffusion. The following
mechanisms were proposed for the diffusion of the three
components: Te diffuses by interstitials; Hg diffuses by vacancies and
interstitials proceeding in parallel; and Cd diffuses by vacancies and
interstitial proceeding in series. Further details of self-diffusion and
diffusion mechanisms are given in Appendix J.




K. The Relation Between Tracer Self-Diffusion Coefficients
and Interdiffusion Coefficients

We have measured both self-diffusion coefficients for all the
components, and the interdiffusion coefficient as a function of
composition in the MCT system. For binary systems, there is a
fundamental equation, known as the Darken Equation, that relates
these two quantities. We found, however, that this relationship is not
obeyed in the MCT system. This is not surprising, since MCT is a
pseudobinary system. We have derived a general relationship
between self-diffusion coefficients and the interdiffusion coefficient
by incorporating the thermodynamic constraints for a pseudobinary
system. Although our motivation for deriving this relationship was to
correlate dilfusion quantities in the MCT system, it is completely
general and may be applied to any pseudobinary system. The
general equation has two important limiting forms for a compound
with two atoms on one sublattice (Hg and Cd, in MCT) and one atom
on the other sublatiice (Te in MCT). If Te were to Jdiffuse much faster
than Cd or Hg, the general equation approaches the Darken Equation
as a limit. (In this case, one could consider the diffusion species as
HgTe and CdTe). For the other extreme, with Te much less mobile
than Cd or Hg, the general equation approaches a Nernst-Planck type
of equation. For MCT, we have conclud:d that the fast components in
the self-diffusion profiles are true self-diffusion coefficients and they
are related to the interdiffusion coefficient by a Nernst-Planck type
of equation, with a thermodynamic factor calculated from available
thermodynamic data. The slow components of the metal species in
the tracer diffusion profile are the intrinsic diffusion coefficients and
they are related to the interdiffusion coefricient by a Darken
equation. The MCT system exhibits modest positive deviation from
ideality, with a thermodynamic factor less than one. This indicates a
positive mixing enthalpy of HgTe and CdTe and is consistent with the
observed results that the intrinsic diffusion coefficient of the metal
species is snialler than the self-diffusion coefficients. Further details
of our analysis of the thermodynamics of diffusion and the
relationship between self-diffusion and interdiffusion coefficients in
MCT are given in Appendix K.
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cadmium wiluride. Growth is the result of a combination of transport of Te, and Hg from the source 0 the substrats and
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surfacs composition of the growing layer. The observed effects of time, source to substrate spacing. tempersture. and mercury

overpressurs are explained using the model.

1. Introduction

Mercury cadmium telluride (Hg, _ ,Cd,Te) epi-
layers are of great interest for use in infrared
detectors. Isothermal vapor phase epitaxy (ISO-
VPE) of this material has been studied since the
1960's [1-15). The technique has a number of
advantages: simplicity, good surface quality, and
ease of scale up. One disadvantage is that it pro-
duced only graded junctions. Although many
growth trends have been reported in the literature,
the relevant pressure-temperature diagrams and
basic thermodynamic data for the HgTe-CdTe
solid solutions have only receatly been determined
[16-18). This information is essential to an under-
standing of the growth process. The objective of
the present study is to confirm and supplement
the existing information on the growth kinetics
and to analyze the process in terms of thermody-
namic driving forces and kinetic models in the
light of this information. A better understanding
of the growth mechanism should provide a basis
for improving the growth technique and lend in-
sight into the properties of the material itself.

A major problem in analyzing the mechanism
of growth is the large number of variables in-
volved. These include: growth temperature,
mercury overpressure, source composition, sub-
strate orientation, source to substrate spacing. and
the growth time. Tq simplify the problem, we have

investigated one variable at a time while keeping
the others fixed An analysis of our results and
those in the literature has enabled us to develop a
theory which qualitatively explains the observed
trends of this growth process.

2. Experimental

The general growth geometry is shown in fig. 1.
A relatively large source-to-substrate spacing was
used since previous workers had shown that growth
is a strong function of spacing for small spacings
{1,15). A large spacing minimizes variations due to
slightly different spacings. The (111} CdTe sub-
strates were etched for 30 seconds in a 4%
bromine-methanol solution just prior to growth.

Our source consisted of a mixture of solid
mercury cadmium telluride of a given fraction
CdTe (including pure HgTe) and an equilibrium
Te-rich liquid with a ratio of solid to liquid ~ 9/1.
The liquid composition was taken from the LPE
melt compositions reported by Harman [19)]. Thus,
at the growth temperature, this source consists of
three phases: solid, liquid and vapor. Large
amounts of source were made up by annealing the
elements at 650°C for 16 h, quenching the
ampoule in water, and powdering and sintering
the resulting material at 500°C for 30 min to
ensure homogeneity. The aroount of source used
per growth was ~1-15¢g

0022—0248/87/303.5;0 € Elsevier Science Publishers B.V.

(North-Holland Physics Publishing Division)
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———- Spocer (3.0cm)

p— Sintered Source
(HgTe Rich)

Fig. 1. The experimental geometry wsed throughout this work.

Befors growth, and immediamely after the substrates were

exched, the ampoules wers evacuated 1o ~10"* Torr and
sealed.

After growth, the cross section composition
profiles were determined using electron probe mi-
croanalysis by suitably mounting, sectioning,
polishing, and coating the samples. In some ex-
periments, the position of the original substrate
surface was established by alumina markers placed
on the surface by dipping the substrates into a
slurry of 0.3 pm diameter alumina particles in
acetone and then air drying the surface. After
growth, this produces a fine line of particles and
defects which can be highlighted by a 30 s Polisar
2 etch

3. The thermodynamic driving force

Fig. 2 gives a composition versus distance plot
with the position of the original substrate surface
indicated and clearly shows that material has been
added to the CdTe substrate. The metal to non-
metal ratio is maintained throughout the solid
indicating that deposition occurs stoichiometri-
cally. Even though the process is isothermal, there
is & chemical gradient driving force for this de-
position. Tung et al. [17], in their paper on the
pressure-temperature diagrams of mercury
cadmium telluride, present values for the entropy
and enthalpy of CdTe and HgTe in the solid
solution. The calculsted free energies of HgTe
(G".?.-”"‘T.— TS”.‘I‘.) and CdTe at $50°C
versus x (where x is the fracion of CdTe in
Hg,.,Cd, Te) are given in figs. 3 and 4. These
graphs show that the total free energy of the

° . 20

Microns from e swrfece
Fig. 2 A plot of a typical compasition profils. The growth time
was 16 b ot & emperanare of 350°C, aad the sowrce was in
equilibrium with To-rich HgeCdqsTe. The position of the
original substrate surtace, cbesrved by slamisa marken placed
on the swrface before growth is also shown Ares A is ap-
proximately equal 10 ares B, which is directly proportional to
the amount of Cd which has “diffused” (interdiffused with Hg)
out of the substrasy; indicating that the cadminm in the film

originates from the CdTe substrase.

system decreases upon alloying HgTe-rich and
CdTe-rich material, as expected for stable solid
solutions. This is the thermodynamic driving force
for isothermal vapor phase growth. However, this
does not provide information on the kinetics or
mechanism of the growth process, which are of
major practical interest.

4. The source of Cd

A key question in the growth mechanism is the
source and transport mechanism of the Cd in the
growing MCT layers; does the Cd come from the
source or the substrate or both? We propose that
all the Cd in the layer comes from the substrate by
Hg and Cd interdiffusion. Area B of fig. 2 corre-
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Fig. ). The free energy of lormation of HgTe in Hg, - ,Cd,Te
versus composition at $50°C. The relevant data are taken from
Tuagetal (17}
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Fig 4. Thbe free energy of formation of CdTe in Hg, _ ,C4,Te
versus composition at $50°C. The relevant data are taken from
Tungetal (17}

sponds 1o the amount of Cd transported from the
substrate and is roughly equal to area A, which
corresponds 10 the amount of Cd present in the
HgCdTe outside the original substrate surface.
(These area, are directly proportional to the
amount of Cd since the lattice parameter of MCT
solid solutions changes only slightly with composi-
tion.) A further analysis of 27 samples grown
under s variety of conditions show that, on the
average, area B is 15% larger than area A. This
discrepancy is at least partially due to a systematic
error in the microprobe profiles which occurs in
the region where the profiles are changing rapidly.
The error arises from the finite beam size, and
beam spreading within the sample which effec-
tively increases the layer transition region, thereby
increasing area B. Another possible reason is a
Kirkendall effect moving the alumina markers
away from the position of the original CdTe
surface towards the vapor-solid interface. The
Kirkendall effect in this system was reported by
Leute and Stratmann [20). Furthermore, the par-
tial pressure of Cd in the system is very jow
{16,17) and the transport of Cd from the substrate
1o the source is expected to be small; thus, to s
good approximation, we may consider the growth
as consisting of vapor transport of HgTe only,
with interdiffusion taking place between CdTe
and HgTe (0 form the HgCdTe layer.

S. HgTe transport

Insight into the transport of HgTe is provided
by the pressure-temperature diagrams of this sys-

Temperoture ()
800 700 600 500

85 83 &5 §

Pressure (otm)

3 3 5§
3

Q90 100 110 120 130 140
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Fig. 5. The pressure-temperature diagrams for Hg, . ,Cd, Te

determined by Tung et al {171 Closed and open symbols

represent experimental and calculated values respectively. Since

the material is s ternary, esch composition exists over a

different range ol partial pressures: (4. &) for x = 0; (@, O) for

x=009% and x=0108; (M O) for x=0.1%4; (v, v) for
x=0416; (¢. O)lorx=0581.

tem [17]. These are given in fig. 5 and show that,
at all temperatures and compositions, the partial
pressure of Hg is dominant Since the mercury
partial pressure is so large, it should be unaffected
by the relatively slow growth process and remain
constant throughout the ampoule. Svob et al in
their study of the growth process [14,15] maintain
that the mercury pressure in the growth system
changes with time. However, the sources used in
their studies, HgTe-annealed 10 Hg-rich condi-
tions with added free Hg, were different than ours.
In accord with ihe Gibbs phase rule, the three
phase equilibrium source used in the preseat study
provided constant component partial pressures
over the source at a constant temperature and a
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fixed composition of solid in the source. The
overall composition of the source is not apprecia-
bly altered since the source is very much larger
than the layer grown. Furthermore, the amount of
change in the mercury partial pressure, reported
by Svob et al [14,15) to be due to vacancy forma-
tion, is in disagreement with studies on the width
of stability of the mercury cadmium telluride sys-
tem (21}

Because the Te, pressure is much smaller than
the Hg pressure, Te, transport from source to
substrate is expected to be rate limiting, at least in
the early stages of growth. Fig. 6 shows the varia-
tion in the Te, partial pressure with fraction CdTe
in the mercury cadmium telluride for the condi-
tions of growth: constant growth temperature and
Hg pressure. This graph indicates that there is a
gradieat in Te, partial pressure between the source
and the substrate; during growth, Te, vapor is
transported down this partial pressure gradient
from the HgTe-rich source 10 substrate surface
where it supersaturates the vapor and deposits
HgTe. Fig. 6 also establishes that it is not possible
to grow material with a lower fraction CdTe than
the source since this would require Te transport
up a partial pressure gradient. Another view of the
driving force is provided by noting that the
mercury vapor pressure is fixed by the three phase
Te-rich source and in, accord with the Hg-Cd-Te
pressure-temperature diagram (fig. 5), material
with higher HgTe fractions is not stable in this
environment and therefore cannot form.

- N s

Pressure To, (0im *10%)

o] 02 (1) 06 (o] ]
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Fig. 6. The variation of tellurium partial pressure with com- .

position for the conditions of isothermal vapor phase growth,

coastant temperature and mercury pressare. A lemperature of

$50 ° C and mercary pressure of 1 atm are used as an exampla.

The tellurium partial pressure was determined from the ent-
ropy and enthalpy data given by Tung et al (17].

6. The effect of source compositioa

The source consists of a solid-liquid-vapor
mixture in oquilibrium with the desired MCT
composition. Further details of this type of source
are described elsewhere (22]. The source was pre-
pared by mixing solid HgCdTe of the desired
composition with its equilibrium Te rich liquid in
8 9/1 molar ratio. At temperature, the sotid--liquid
mixture vaporizes tc supply the third phase. As
has already been mentioned, in accord with the
Gibbs Phase Rule for a three component system
such as HgCdTe, three phases will correspond to
two degrees of freedom. Thus, specifying the tem-
perature and the solid composition will fix all of
the intensive properties of ths system. In practice
the solid composition of the source is fixed as long
as the amount of HgTe deposited is small with
respect to the amount of HgTe in the source.

Both Becla et al. {8] and Kay {11} have reported
that the layer surface composition and thickness
depend on the fraction of Te-rich melt in the
source. This should not be the case from purely
thermodynamic considerations. However, these
two authors report different findings; in one case
the surface CdTe fraction reportedly increases with
increasing Te fraction [8], while the opposite trend
is reported for the other study [11]. Purely thermo-
dynamic arguments may not apply for the initial
stages of growth when the source and substrate
surface are well displaced from equilibrium, but
should apply for the stages of growth when the
growing layer surface composition is close to the
source composition. In this analysis we will only
consider this near equilibrium condition.

7. The eflfect of growth time

Fig. 6 illustrates that there is a gradient in the
Te, partial pressure favoring transport as long as
the fraction of CdTe in the source is less than that
at the growing surface. As growth proceeds, inter-
diffusion between Hg and Cd maintains this
gradietit. Fig. 7 shows a plot of the log of the
amount of HgTe transported versus log time. Ini-
tially, the layer are thin enough that Cd and Hg
can quickly interdiffuse and growth is limited by
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Fig. 7. A plot of the log of the amount of HyTe transported -

versus log time (bours) for samples grown at $50°C from a
Te-rich HgTe source. As time increases, growth becomes dilfu-
sion limited 8 evidenced by the 1/2 slope.

transport of Te, from the source to the substrate.
This vapor transport limitation gives rise to the
initia] linear portion of the curve. This initial
linear dependence has been observed in the litera-
ture [5,11,12]. For longer times, the layer thickness
and growth is limited by interdiffusion of Cd and
Hg increasing the fraction of CdTe at the growing
surface. In this regime, growth follows the !/?
dependence expected for a diffusion limited pro-
cess; this 1172 dependence has been observed in
other studies [1-8, 12-15]. As the thickness of the
growing layer increases, the composition of the
surface approaches that of the source. Eventually,
growth is purely diffusion limited and the surface
composition becomes essentially the same as that
of the source.

8. The effect of temperature

Fig. 8 shows the effect of changing the growth
temperature while keeping all other variables fixed.
As the growth temperature is lowered, the surface
composition approaches that of the source and the
layers are thinner. The observed interdiffusion
activation energy is ~ 2 eV [23,24). The activation
energy governing the Te, partial pressure under
Te-rich conditions can be deduced from the equa-
tion given by Schwartz ef al. and is on the order of
1.2 eV [16]). Thus, growth will be strongly temper-
ature dependent, with the interdiffusion process
being primarily affected. Lowering the tempera-
ture produces thinner layers with lower surface
fractions of CdTe which is consistent with a rela-

e 4 L 4 I A
O 10 20 30 40 %0 6 M ®
Distonce from e surfoce
Fig. §. The effect of growth temperatare oa lsyers growa from
Te-rich HgTe for a time of 24 b As the temperntury is
increased, the imterdiffusicn coefficient increases, leading 0
thicker layers with higher surface x valum.

1 e

tively lower interdiffusion rate as compared to the
HgTe vapor transport rate.

9. The oftfect of the svbetate polarity and source-
to-substrate spacing

The effect of CdTe (111) surface polarity was
addressed for this process by simultaneously de-
positing on both the A and B faces. This was
achieved by orientating the substrate as shown in
fig. 9. To within experimental error, no effect on
either surface composition or thickness was ob-
served. This is expected since these experiments
were performed in the diffusion limited regime
and interdiffusion will be unaffected by the surface
polarity. However, there may be an effect at shorter
times when growth is transport limited. The surface

Quoartz Plug

Substrote

Free Voume Quortz Ampoule

Source

Fig 9. Tbe experimental geometry used to investigate the effect

of the soufce to substrate spacing and {111} substrate polarity

on growth. The substrate is oriented vertically with respect 10

the source 3o that different points on the subsirate are different

distances from the source and the A (Cd) and B (Te) faces are
both exposed to the same environment.
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Fig. 10. The effect of source to substrate spacing (horizontal
axis) oa layer thickness (left-band side vertical axis) and surface
composition (right-band side vertical axis). The source used
was Te-rich HgTe. the temperature was 550°C and the growth
timel6

morphology of the layers was found to vary be-
tween the A and B faces. While both surfaces were
macroscopically smooth, the A face had a more
pronounced microsopic surface terrace structure.

The same experimental geometry was also used
to determine the influence of source to substrate
spacing and the results are given in fig. 10. Similar
trends on the effect of source to substrate spacing
were reported by Svob et al. {15] from a study of
separate growth runs. From the present study, we
see that increasing the source to substrate spacing
increases the surface CdTe fraction and decreases
the layer thickness. An explanation of this behav-
ior is that as the source to substrate spacing
increases, the flux of Te, should decrease since the
Te, potential gradient will decrease, reducing the
amount of HgTe deposited. This expenment is
complicated by the possibility of Te, depletion
resulting from deposition occurring on parts of the
substrate which are closer to the source. However,
the fact that there is an observable dependence on
distance from the source is evidence that growth
is, at least initially, limited by transport of Te,
and not a surface reaction of Hg and Te, at the
growing surface or interdiffusion, neither of which
depends on spacing.

10. The effect of mercury overpressure

Becla et al [9], Svob et al [15] and Tufte and
Stelzer [4] have investigated the effect of the am-

bient pressure of Hg on the surface composition .

grown. In these studies, the Hg partial pressure
was controlled by either 8 two zone technique [9]

equilibrium constant, Py,, = K/(Py,)*. The mo-
bility of the Te; in the vapor will also decrease

dominant effect of increasing the mercury over-
pressure was 1o lower the interdiffusion coeffi-
cient, then the surface composition of the layers
should approach that of the source, while the
opposite is the case.

Another effect comes into play when the
mercury pressure falls below the minimum value
for which HgTe is stable. In this case only CdTe
rich material will be stable. The minimum mercury
partial pressure for which mercury cadmium tel-
luride of a certain compotsition is stable is given
by the pressure-temperature diagrams for the sys-
tem. By accurate control of the mercury partial
pressure, for example using a two zone system, it
is possible to set a lower limit of CdTe at the
surface of the layer. This effect has been observed
in the work of Becla et al. {9].

11. Summary

Isothermal vapor phase growth is the result of
two processes: transport of Te, and Hg (though
only the transport of Te, is limiting) from source
to substrate and interdiffusion between Hg and
Cd within the growing layer. At short times, growth
is limited by the transport of Te, while at longer
times growth is diffusion limited. Evectually,
growth becomes entirely diffusion lirzited and the
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surface composition becomes essentially equal to
that of the source. The time it takes for this to
occur is greater for material with lower CdTe
fractions, higher temperatures, higher mercury
overpressures and greater source to substrate spac-
ings. Increasing the Hg overpressure decreases both
the partial pressure and the mobility of Te, vapor.
If the mercury overpressure is sufficieatly low,
then the lower limit of the CdTe fraction in the
layer is determined by the materials’ lower limit of
mercury partial pressure stability.
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Appendix B:

Control of the surface composition of isothermal vapor phase epitaxial

mercury cadmium telluride
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A method is described for controlling the surface composition of mercury cadmium telluride
during isothermal vapor phase epitaxy of mercury cadmium telluride. The method employs a
three-phase solid-liquid-vapor source in equilibrium with the desired composition. The
thermodynamic and kinetic basis of the method is outlined.

L INTRODUCTION

Isothermal vapor phase epitaxy (ISOVPE) of mercury cad-
mium telluride (Hg, _, Cd, Te) has been studied since the
1960s.'¢ Since the band gap of the material is governed by
the composition, ranging from 1.6 eV for CdTeto —0.3 eV
for HgTe, the control of composition is & major practical
concern. The isothermal growth technique produces rela-
tively fiat composition profiles near the surface due to the
way the interdifision cccZic i at varies with composition. '’
The composition of this plateau region is determined by that
of the surface of the layer; therefore, controlling the surface
composition is critical. The desired surface composition may
. be obtained by either equilibrium or nonequilibrium meth-
‘ods. In nonequilibrium techniques, the surface composition
of the layers changes continuously with time, requiring that
the process be terminated after a dxed time. These methods
rely on the fact that the surface composition changes rela-
- tively slowly with time through the composition range of
interest, 0.3-0.2 mole fraction CdTe. However, using equi-
librium methods, the surface composition remains at the de-
sired value afer an initial transieat. In practice, equilibrium
techniques rely on controlling the mercury partial pressure”
or the composition of the source.>'¢ In this paper, only the
latter method will be considered, along with a description of
the thermodynamic basis for this approach.

Il. EXPERIMENTAL APPROACH

The experimental geometry used is shown in Fig. 1. The
sources consist of ~90% solid mercury cadmium telluride
of the desired composition and ~10% of a tellurium-rich
liquid which is in eqiilibrium with that solid at the growth

" temperature. The liquid composition was determined from
the liquid phase epitaxy data of Harman.'® Batches of source
material were made by reacting the components in a sealed
quartz ampoule at 650 °C for 16 h and then quenching the
ampoule in water. The source material was then powdered
and sintered for 30 min at 500 °C in order to ensure homo-
geneity. After growth, the layers were mounted in epoxy,
cross sectisacd, polished, coated, and analyzed by electron
probe microanalysis. .

The basis for this method is given by the Gibbs phase rule
and basic concepts of ternary phase equilibria. As described
above, the source consists of an equilibrium solid-liquid
mixture, with the solid of the desired CdTe mole fraction.
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The source in the closed ampoule at a specified annealing
temperature will vaporize and develop partial pressures of
the components thst are in equilibrium with the solid-liquid
mixture. Upon vaporization in the ampoule, the amounts of
solid and liquid phases may change slightly, but their com-
positions will not change, Applying the Gibbs phase rule
(F == C 4 2 — P) for this ternary system, the number of
components C are 3 and the number of phases Pare 3 (solid,
liquid, and vapor). The variance F of the system is 2 and
specifying the temperature and the solid composition fixes
the chemical potentials of all three of the compcnents in the
source. If a relatively small amount of source is consumed
during growth, then there will be a small shift in the relative
amounts of the phases but not in the chemical potentials of
the components. This will be the case for a relatively large
smount of sourc compared to the substrate for long growth
times, in which case the entire grown layer will eventually
convert to the composition very close to the solid phase in
the source. For typical amounts of source for normal growth
times, only a small amount of the source is consumed by the
growth process and the chemical potentials in the source
remain constant. Therefore, the surface composition of the
growing layer will t-nd to approach that of the solid phase in
the source. Details of the growth mechanism and the rel-
evant solid-liquid-vapor equilibrium are given in Ref. 16
and further discussion of the basis for the picsent method is
given in Sec. IIL

Quartz

Quartz

Ampoute. Po-
CdTe

: Substrate.

Ouarz

Spacers
Te rich
04,1
Source. '

Fi10. 1. The experimental geometry used to investigate the effect of the
source composition. Just after the substrate was etched, the ampoule was
assembied, evacuated to ~ 10~? Torr, and sealed. The source-to-substrate
spaciog wes 3 cm. Growth was performed in the isothermal zoae of & sodi-
um beat pips.-
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I1t. RESULTS AND DISCUSSION

The results of growths performed under the same condi-
tions (550 °C and 24 h) but with different source composi-
tions are given in Fig. 2. For sources with fractions of CdTe
greater than 0.2, the surface of the sample is the same as that
of the mercury cadmium telluride in the source. The thermo-
dynamic basis of this behavior is illustrated by the Hg-Cd-
Te Gibbs triangle, shown schematically in Fig. 3. Initially,
the overall composition of the source is at point A, which is
in equilibrium with mercury cadmium telluride of composi-
tion C and a tellurium-rich liquid. If we add s piece of CdTe
to the system, the overall composition of the entire system is
moved towards CdTe to point B, which is in equilibrium
with a solid of composition D and a tellurium-rich liquid.
When the amount deposited on the substrate is small com-
pared to the source, then the source composition will not
change significantly during growth. Furthermore, for longer
times and thicker films, the interdiffusion process is slow
compared to the rate of vapor transport and the surfsce com-
position of the growth layer closely approaches that of the
source.

The Cd vapor pressure is very low, especially under tellu-
rium-rich coaditions of growth in the present study.'” Asa
consequence, there is a negligible transport of Cd through
the vapor; the Cd in the grown layer results from the diffu-
sion from the substrate.'® The role of Cd in the source is to
control the Hg and Te, partial pressures to values corre-
sponding to equilibrium with Hg, _, Cd, Te of the desired
composition under tellurium-rich conditions, in accord with
the Gibbs phase rule and the pressure—temperature diagram
for Hg, .. Cd, Te.

The system approaches its equilibrium composition
through the growth of the mercury cadmium telluride layer
on the substrate. Growth proceeds by the deposition of
HgTe, which is limited by Te, vapor transport from source
to substrate and interdifusion between Hg and Cd in the
growing layer.'® It is this interdiffusion which maintains &
gradient in the tellurium chemical potential between the
source and the substrate surface. Initially the layer is thin so
that interdiffusion quickly changes the surface composition
so that growth is limited by tellurium transport and the frac-
tion of CdTe at the surface of the growing layer is greater
than that of the solid Hg, _ , Cd, Te in the source. However,

Q? 04 0302 O ¢]
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Distance from the surface (microns)
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F10. 2. Composition proflies of samples grown under the same conditions
(350 °C and 24 b) but with different source compositions (shown on top).
Notice that for material grown from sources with fractions of CdTe greater
than 0.2, the surface compositions are the same as the solid in the sou * v
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Ce

P10, 3. A schematic of the Hg-Cd-Te phase disgram at the growth tem-
perature. Initially the sourcs is st position A, in equilibrium with mercury
cadmium tellunide of composition C. If the source is ia communication with
a piece of CdTe (the substrate), the overall composition of the system is
moved 10 point B. Since the source is largs compared to the flm which is
grown, the overall composition of the system is only perturbed slightly by
the presence of the substrats.

as the layer thickens, the interdiffusion process becomes rate
limiting. Once this has occurred, the source and substrate
surface are essentially in equilibrium 3o that the composition
at the surface of the layer closely approaches that of the solid
in the source.

Factors which increase the rate at which HgTe is deposit-
ed relative 1o th= ~mount of interdiffusion between Hg and
Cd allow the surface to approach equilibrium more rapidly.
Since growth of marerial with lower fractions of CdTe re-
quires relatively more HgTe deposition per Cd diffusing to
the surface, and since the interdiffusion coefficient at the
surface of these layers is greater (the interdiffusion coeffi-
cient increases over three orders of magnitude as the compo-
sition changes from CdTe to HgTe'™**3!), the nonequilibri-
um transient time is longer in this composition range. With
material grown from higher x value sources, the layers have
thickened sufficiently relative to the interdiffusion cueffi-
ciant of the material at the surface, so that the surface of the
layer is essentially in equilibrium with the source, and the
surface composition will be constant with time. Thus the
composition of the source sets a lower limit on the composi-
tion of the mercury cadmium telluride forp-+d.

The present method has the advantage that the desired
surface composition does not change with time once it has
been established and the method is easy to implement. An-
other method for fixing the surface composition is by control
of the mercury partial pressure to sufficiently low levels so
that only material with the desired, or higher, {ractions cf
CdTe are stable. Evidence for this can be seen in the work of
Becla.® However, this method is somewhat more complicat-
ed since it requires the use of a two-zone system to control
the mercury overpressure.

(V. SUMMARY

A solid-liquid-vapor source is described which allows ac-
curate control of the component chemical potentials, the
theoretical basis for this being the Gibbs phase rule. There
exists an initial transient during growth in which the compo-
sition of the sample surface is not in equilibrium with the
source due to interdiffusion within the growing layer. This
transient period is longer for layers grown with lower x val-
ues, greater source-to-substrate spacings, and higher tem-

peratures.
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Appendix C:

THE EFFECT OF ORIENTATION ON THE SURFACE MORPHOLOGY
OF MERCURY CADMIUM TELLURIDE GROWN BY LPE AND VPE.

J.G.Fleming and D.A.Stevenson.

Department of Materials Science and Engineering. Stanford
University, Stanford CA. 94305.

The influence of substrate orientation on the morphology of

liquid phase and vapor phase epitaxial iilms of mercury cadmium

| telluride was studied using spherically shaped {111} CdTe and

CdZnTe substrates. A smooth terrace-free central region was

observed, with terrace formation occurring for misorientations of

greater than 0.2°+0.1° from the {111} orientation. The interpretation
of these resulte and the practical implications are discussed.

1. Introduction.

Mercury cadmium telluride is an important material for
infrared detectors in the long wavelength regime. The material
exists as a pseudobinary series of continous solid solutions between
HgTe, with a "band gap” -0.3 eV, to CdTe, with a band gap of 1.6
eV.[1]. However, the material has properties which make it difficult
to produce (see for example, Ref. [2]): high mercury pressures at
growth and processing temperatures, poor mechanical properties,
retrograde Te solubility, high diffusion coefficients, and the
ditficulty of specifying the thermodynamic state of a ternary
system.

Due to its importance and the difficulties in preparing
material with the desired properties, many growth techniqgues have
been developed. The most important epitaxial technique is currently
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liquid phase epitaxy (LPE), which has been developed for both Te
[3-9] and Hg [10,11] melts. Another technique which has been
extensi@lt investigated is the isothermal vapor phase epitaxial
technique (I—SOVPE) [12-20] which takes advantage of the relatively
high component vapor pressures and tho high interdiffusion
coefficient. The surface morphology of the layers grown by liquid
phase epitaxy has been reported by many investigators [4-8]. In
general, it consists of a wavy terraced structure like that shown in
Fig. 1. Some workers have reported on the effect of orientation on
morphology [6,7].

Many of the effects known to be important in Si and GaAs
growth have not yet been investigated for the mercury cadmium
telluride system. The surface morphology of IiI-V compound”
semiconductors produced by LPE and other growth techniques has

been investigated by many workers. (See, for example, Ref. 21 and

references therein.) In these systems it was found that for
substrate orientations deviating only slightly from the low index
plane, {111} or {100}, there exists a growth regime in which very
flat, uniform layers are produced. However, when the substrate
misorientation deviates further, a terraced surface morphology
develops. The terrace-free structures have advantages which will be
outlined in later sections. Bauser and Strunk [21] have investigated
the effect of substrate orientation on the surface morphology of LPE
GaAs layers using a spherically shaped substrate. Similar work on
mercury cadmium telluride has also recently been published [7]. The
advantage of this type of experiment is that a continous range of
orientations can be investigated under the same growth conditions




in a single experiment. It was the objective of our study to perform
similar experiments on the LPE and ISOVPE growth of mercury
cadmiuntt8tiuride to determine if there is a similar terrace-free
regime in this system and, if so, the critical misorientation for the
change from terrace-free to terraced growth.

2. Experimental.

Lenticular substrates were formed using the simple jig shown
in Fig. 2. The rough shape is patterned using a portion of a round
bottomed flask. The substrate material was {111} CdTe, both A (Cd)
and B (Te) faces, for ISOVPE and {111} Cdg ¢55Zng 04578, A face, for
the LPE growths. The substrates were attached to an aluminum shaft
by yellow wax. The shaft in turn was heid radially to the the lowest ™ ~
portion of the arc of the flask. Rough forming was achieved by
placing a slurry of 400 grit SiC in ethylene glycol in the round
bottomed flask, putting the substrate in contact with the
flask/slurry, and manually turning the alumium shaft. Once the basic
shape has been obtained, the shaft is removed from the slurry and
the substrate surface hand finished using 600 grit paper, followed
by 0.2 micron Al,03 with 2% bromine in ethylene glycol. Just before
growth, the substrates were etched for 2 minutes in a 4% Br in
methanol solution. The resulting radius of curvature was determined
by optically measuring the change in focus with lateral deviation
from tha center of the substrate. The results obtained for two
samples are presented in Table 1 and give an indicaticn of the
technique's reproducibility.




Epitaxial layers were grown on the resulting substrates by
either the LPE or ISOVPE techniques. A closed ampoule tilting LPE

method wae used, with the melt composition taken from the data of
HarmanT3]’for a temperature of 500°C and a solid composition of
20% CdTe in the mercury cadmium telluride. The melt was prepared
by annealing the elements in a sealed quartz ampoule at 600°C, for
12 hours. The ampoule was then quenched, opened and the source
broken up for use. The same melt was not used more than twice. The
ISOVPE layer that forms on the substrate as the melt is heated was
removed by slightly melting back the substrate. Growth was then
initiated by cooling at 0.3°C/min for 33 minutes. Some of the
samples underwent a slight melt back at the end of growth prior to
removal of the melt from the substrate. o

ISOVPE layers were grown using a tellurium-rich mercury“
cadmium tellurium source which allows us to fix the surface
composition of the layers [20]. The source to substrate spacing was
~ 2 cm. and growth was performed in the constant temperature zone
of a sodium heat pipe at temperatures of 500, 550 and 600°C. After
growth, the surface morphology of the layers was observed using an
optical microscope.

3. Results. -

Optical micrographs of the surface of layers grown by ISOVPE
and LPE reveal a distinct terrace-free region which is flat compared
to either the original radius of curvature or the terraced region,
Fig. 3. The black spots on the LPE samples are retained melt, which
was a problem throughout this work due, in part, to the small size of
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the substrates. The density of the pyramid structures in Fig. 3a is
on the order of the 1.5*105 per cm2. These features are only visible
when the ;ample is tilted slightly. The center of these terrace-free
regions “is—assumed to be exactly perpendicular to the {111}
direction. The critical misorientation at which the surface
morphology changes from terrace-free to terraced is readily

calculated from the radius of curvature of the sample and the
diameter of the terrace-free area. Table 2 gives pertinent data for a
number of ISOVPE and LPE runs. The critical degree of
misorientation is found to range from 0.32° to 0.15°; the error in the
technique is estimated to be +£0.1°. Notice also that the terraces in
the ISOVPE material are not as wide and therefore also lower than

those found in the LPE material.

4. Discussion.

The existence of distinctly different layer morphologies with
different deviations from the low index growth plane closely
parallels the results of experiments in the 1ll-v semiconductors
(see for example [21]). In these studies, the different morphologies
were related to different growth mechanisms. In work on LPE GaAs,
a one-to-one correspondence between pyramids on the central facet
and dislocations has been established [21-24]. Although no similar
work was done in this study, the density of pyramid structures seen
on the facet in Fig. 3a, ~1.5"105/cm2, is of the same order of
magnitude as the expected dislocation density, and the terrace-free
growth probably proceeds by growth on dislocations which exit the
free surface. On the other hand, terrace growth occurs by the




movement of terraces across the surface and by the movement of
smaller steps between the terraces [21]. The terraces arise from the
coalescange of monoatomic steps which are initially present as a
resuit éf‘ t;ie original deviation from the {111} caused by the
spherical substrate shape. Bauser and Strunk [21] also observed a
further terrace-free region at misorientations greater than those
for terrace-free growth. However, a similar region was not observed
in our work, possibly because the range of misorientations on our
samples was not large enough to observe this effect.

in the llI-V compounds, it has been shown that there are a
number of advantages to growth in the terrace-free regime, some or
all of which may apply to the mercury cadmium telluride system.
The layer morphology in the terrace-free region of both systems is
very flat and uniform, which offers advantages in device
fabrication. Also, it has been shown in work on the llI-V compounds
that the terraced structure effects the distribution of dopants and
impurities in the layer. For example, experiments have shown that
melt impurities tend to segregata to the riser portion of the terrace
and consequently preferentially deposit in these regions [21,24-27).
Since the terrace free region consists of monomolecular steps, this
is not a problem in this regime. While impurity segregation was not
investigated-in our work, it seems probable that the same effect
occurs in the mercury cadmium telluride system.

In this work this angle between terrace-free and terraced
growth is calculated to be 0.2° £0.1°. This value seems to be
relatively unaffected by the experimental parameters outlined in
Table 2 and is close to that found during the LPE growth of GaAs,

-
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0.1 [21] but is not in good agreement with the value of 0.5 reported
in [7] and this disagreement may reflect the influence of some other
experim@mtal variable. Rode [28] determined this critical
misorier-rtafi'on using a mathematical model that treats the
misorientation steps as linear disruptions to the surface
reconstruction which introduced surface strain.

4. Summary.

A terrace-free growth regime has been identified for the LPE
and the ISOVPE growth of mercury cadmium telluride, in agreement
with the results of more complete studies on the growth of IiI-V
compound semiconductors. The critical misorientation is found to be
on the order of 0.2° £0.1°. Assuming that the system behaves™ ~
similarly to the 1lI-V compounds, there should be advantages in .
layer morphology and uniformity of doping in growth from the
terrace-free regime. However, growth in this regime does require
accurate substrate orientation.
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Table Captions.

Table 1. Measured radii of curvature for two lenticular substrates
at 1 mm.and 2 mm. away from the highest point on each sample. Two
values are Piven at each distance, one averaged from the "north-
south" directions, the other from the "east-west" directions. The
radius of curvature of the pattern was 8.75 cm.

Table 2. The results and growth parameters of a series of LPE and
ISOVPE experiments. The LPE layers were grown on Cdp g45Zng ossTe
and the ISOVPE layers were grown on CdTe.




Table 1.

Sample Radius at 1mm Radius at 2mm
1 = !'_6.7 cm. 8.7 cm. 8.5cm. 7.4 cm.
2 -8.3cm. 4.2¢cm. 7.5¢cm. 10.3¢cm.

Table 1. Measured radii of curvature for two samples at 1mm and
2mm away from the highest points on the sample. Each has two values
one from the "north-south” direction, the other from the "east-west"
direction. The radius of curvature of the original patternwas 2.75 cm.




Table 2

LPE on CdZnTe. (4.5% ZnTe).

VPE on CdTe
Method; X Valu;e '{Critical Angle | Thickness ;Temp. ; Cooling Rate.] race
LPE 0.2 0.25 +0.1° ~10 micron. | 500°C | 0.3°C/min. A
LPE 0.2 025" " ~10 micron | 500°C | 0.3°C/min. A
VPE 0.25 0.30" " ~200 micron | 600°C A
VPE | 03 0.15" = ~12 micron | 500°C A
VPE 0.2 0.25" " ~60 micron | 550°C B
VPE 0.2 0.15* - ~60 micron | 550°C B
VPE | 0.2 0.15° = ~60 micron | 550°C B




Figure Captions.

S
Fig. 1. (S‘ptltal micrographs of the terraced surface morphology
commonly found on layers grown by LPE.

Fig. 2. The jig used to form the lenticular substrates. The sample is
held by yellow wax at the end of an alumium shatft which is rotated
by hand. A slurry of 400 grit SiC in ethylene glycol was used to
rough form the surface. The substrates were then hand finished with
600 grit SiC followed by 0.2 micron Al,O3 in a 2% Br/ethylene glycol
solution. Just before growth the layers were etched for 2 minutes in
a 4% Br/methanol solution.

Fig. 3. Optical micrographs of ISOVPE and LPE layers grown on the
lenticular substrates. a) An ISOVPE layer 200 microns thick grown
at 600°C. b-d) LPE layers grown on the A (Cd) face of Cdg g55ZNg 045

at 500°C using a cooling rate of 0.3°C/min; the layers are ~10 ~

microns thick.




Fig. 1. Optical micrographs of the terraced surface morphology
commonly found on fayers grown by LPE.
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Fig. 2. The jig used to form the lenticular substrates. The sample is
held by yellow wax at the end of an alumium shaft which is rotated
by hand. A slurry of 400 grit SiC in ethylene glycol was used to
rough form the surface. The substrates were then hand finished with
600 grit SiC followed by 0.2 micron Al,O5 in a 2% Br/ethylene glycol
solution. Just before growth the layers were etched for 2 minutes in
a 4% Br/methanol solution.




Fig. 3. Optical micrographs of ISOVPE and LPE layers grown on the
lenticular substrates. a) An ISOVPE fayer 200 microns thick grown
at600°C. b-dj LPE layers grown on the A (Cd) face of Cdg g552n 0.5
at 500°C using a cooling rate of 0.3°C/min; the layers are ~10
microns thick.




Appendix D:

" Cooling rate dependence of the morphology of Hg, 4o Cd, 5, Te liquid phase

_ epitaxial layer
‘ S.H. Suh® and D. A. Stevenson
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(Received 3 June 1986; accepted 19 September 1987)

Hg, 40 Cdo 20 Te liquid phase epitaxial layers were grown at 502 °C on CdTe substrates. The
cooling rate was varied from 0.15 to 1.32 “C/min, and the terrace surface morphologies were
evaluated for all the liquid phase epitaxial (LPE) layers. The width of terraces was inversely
proportional to the cooling rate. This result is explained by the increase in constitutional
supercooling with increasing cooling rate. Composition of the LPE layer was uniform up to the
surface except at the interface region. The composition profile did not depend on the cooling rate.

. INTRODUCTION

Mercury cadmium telluride, Hg, _ , Cd, Te, is an important
material for the fabrication of advanced photovoltsic and
photoconductive devices. The quench and annealing (QA)
solid-state recrystallization method has been most extensive-
ly used to produce this material; however, only small-diame-
ter crystals are obtained by this method because of the high
Hg pressures involved. Furthermore, the crystals are not ori-
ented. In order to obtain Hg, _, Cd, Te of large dimensions
and good composition uniformity, attention has been given
to the liquid phase epitaxial (LPE) growth technique.'™

‘One of the major problems with the LPE process is the
difficulty in obtaining good surface morphology of the LPE
layers. There have been only a few studies on the morpholo-
gy of Hg, _,Cd, Te LPE layers. Wang ef al.? reported ter-
race substructure of LPE layers grownon (111) Cd surface
of CdTe substrates and the formation of voids in LPE layers
on the (111) Te surface. Edwall ef al.’ reported that surface
morphology of the LPE layers depends on the orientation of
the CdTe substrates as well as on the crystalline quality of
the substrate.

However, there have been no studies reported on the cool-
ing rate dependence of the morphoiogy of Hg, _,Cd, Te
LPE layers. The cooling rate plays a major role in determin-
ing the cell spacing in cellular solidification’; thus, we would
expect a cooling rate dependence of the surface morphelogy
for the liquid phase growth of Hg, _,Cd, Te. Vhis paper
reports the cooling rate dependence of the surface morpholo-
gY of Hgq 0 Cdy 5 Te grown on CdTe substrates.

II. LPE FILM GROWTH PROCEDURES AND
ANALYSIS

LPE film growth was accomplished by a tipping tech-
nique. Figure | shows a quartz ampule which contains a
melt, graphite substrate holder, substrate, spacers, and a
quartz plug. A composition of the LPE melt
(Hg:Cd:Te = 18:1.1:80.9 at. % was selected from the liqui-
dus and solidus data of Harman,* so that a Hg, 40 Cdg o Te
LPE layer could be grown at 502 °C. The LPE melt was
obtained by the following procedure: 15 g of the above mix-
ture of Hg, Cd, and Te of **$ nines” purity was placed in a
quartz ampule, which was then evacuated, sealed, heated to
600 “‘C for 24 h, and water cooled to form an ingou.

The dimension of CdTe substrates used was typically
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53X 15 mm; chem-mechanically polished substrates were
supplied by the Rockwell International Science Center. The
orientation of all substrates was measured to be 1° off the
(111) plane by Laue x-ray diffraction. Substrates were
chemically etched with a 5% bromine-methznol solution
just prior to growth..The substrate was mounted in the
graphite holder so that only the (111) Cd surface was ex-
posed to the melt.

After loading the 15-g melt ingot and the substrate into
the 17-mm-i.d. quartzampule, the quartz ampule was evacu-
ated and sealed. LPE growth was performed in a tilting fur-
nace whose temperature uniformity was better than 0.2 °Cin
the active zone (75 mm long). The ampule was heated to
502 °C and held at this temperature for 1 h. The furnace was
ther; tiited by 180°, so that the entire substrate was immersed
in the melt. To insure that both the substrate and the melt
were exactly at the same temperature, the furnace was held
at 502 °C for four additional minutes before initiation of the
cooling. Different cooling rates from 0.15 to 1.32 °C/min
were used. The extent of cooling in order to obtain about the
same thicknesses of the LPE layer (20 4m with each cooling
rate was calculated by the following equation®:

d = C;Rc"lzn

Here, d is the thickness of LPE layer, C is a material con-
stant, R is the cooling rate, and ¢ is the growth time. Table I
summarizes the cooling rates, extent of cooling, and thick-
ness of LPE layers obtained. When the growth was complet-
ed, the furnace was tilted back and the ampule was immedi-

——-Quartz plug

Seoled

position
FiG. 1. Quartz ampule for
‘ Substrate LPE growth of
H Te.
Graphite Quartz 8 -.Cd,Te
nolger spacars
Melt ngot
x© V
© 1988 American Yacuum Soclety 1
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TasLe [. LPE growth parameters.

Run Cooling rate Degree of Thickness of LPE
no. (*C/min) cooling (*C) layer (um)
513 0.15 48 24

303 025 57 18

919 0.52 73 21

805 1.32 10 20

ately removed from the furnace and air cooled.

Surface morphologies of LPE layers were observed by an
optical microscope. Cross sections of LPE layers were ob-
served on the (110) cleaved planes which were polished with
0.03-um alumina powder after grinding with 600-grit paper.
Electron microprobe analysis was performed across (110)
cleaved planes. The size of the electron beam of ~3 um
limited the resolution of composition versus distance at the
interface region to =3 um; however, the accuracy of the
composition measurement was better than 5%.

il. RESULTS AND DISCUSSIONS

Figures 2(a)-2(d) show the surface morphology of the
Hg, 40Cdy 0 Te LPE layers grown with different cooling
rates. Terrace surface morphologies and circular extrusions
are seen on all LPE specimens. Results of microprobe analy-
sis indicate that the compositions of circular extrusions are
the same as the ones on flat areas. These circular extrusions
are believed to arise from either dislocations or defects
grown from the substrate and they appear to act as pinning
points for the movement of terrace edges.

Terracelike surface morphologies have been reported for
GaAs,” GaP,'° and InP"' as well as for HgCdTe.>? A slight
misorientation of substrates from the low-index planes, such
as (111) and (110), may cause a terracelike surface mor-
phology. A misoriented substrace contains native steps on
the surface which are believed to play an essential role in the
formation of terraces. It has been proposed that a grouping
of the native steps leads to terraces that are several tens of
microns wide.'?

We propose a different mechanism for the formation of
terraces in accord with the following model. There is a
strong tendency of a growing front to maintain an exact
(111) orientation. On the other hand, all locations on the
substrate tend to have the same growth rate, otherwise, there
will be a constitutionally supercooled region between two
adjacent growing fronts. The breakdown of the growing
front into terraces will accommodate these two conditions.

As we have seen in Figs. 2(a)-2(d), the terrace width
decreases with cooling rate. The average terrace widths were
plotted against the inverse of the cooling rate in Fig. 3, where
the bars indicate the standard deviation of the terrace
widths. This figure shows an average terrace width inversely
proportional to the cooling rate.

Similar results have been reported for GaAs, GaAlAs,"
and InP."' Small and Potemski'? studied the effect of the
growth rate on the terrace width and reported that the ter-
race widths of GaAs and GaAlAs LPE layers decrease with

J. Vac. Sci. Technol. A, Vol. 8, No. 1, Jan/Feb 1988

FIG. 2. The surface morphologies of Hg, 3o Cdy 3o Te layers grown at differ-
ent cooling rates: (a) 0.15, (b) 0.25, (c) 0.52, and (d) 1.32°C/min

increasing growth rate. Pak, Nishinaga, and Uchiyama'' re-
ported that the terrace width of the InP LPE layers decreases
with increasing supersaturation. Since the cooling rate and
the growth rate are expected to be approximately propor-
tional to the extent of supercooling,” our observations on
HgCdTe concern the same phenomena as the result of Small
and Potemski on GaAs and GaAlAs and the result of Pak.
Nishinaga, and Uchiyama on InP.
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FiG. 3. Dependence of terrace width on the cooling rate Rg.

Our cooling rate dependence of the terrace width may be
explained qualitatively by the model for the development of
acellular morphology upon solidification’; the terrace width
adjusts in order to reduce constitutional supercooling. If the
terrace spacing is sufficiently wide for the development of
regions between terraces that are supercooled, then a new
terrace will be nucleated (see Fig. 4). Since the concentra-
tion difference between points A and B in Fig. 4 is propor-
tional to the cooling rate, the degree of supercooling is
roughly proportional to the cooling rate with a terrace width
inversely proportional to the cooling rate.

On the other hand, Nishinaga developed a morphological
stability theory for supercooled LPE by modifying Mullin
and Sererka’s interface stability theory.'* The resulting the-
ory predicts a critical wavelength, i.e., a minimum stable
distance between terraces. The critical wavelength is propor-
tional to the interfacial free energy and inversely proportion-
al to the degree of supercooling. There is insufficient evi-
dence at present to establish one of the two models, the
constitutional supercooling theory and the morphological
stability theory are more appropriate. A well-established
theory that correctly predicts the most stable terrace width
for varying degrees of supercooling is not yet available.

Figure 5 shows the composition profile of the LPE layers.
Uniform composition is maintained up to the surface except
at the interface region which is ~ 3-5 um thick. The compo-
sition profile does not depend on the cooling rate. For LPE
growth with slider systems which use small amounts of melt,
composition profiles showing gradual decrease in the X val-
ue have been reported.’® By contrast, Shaw'® predicts an
increase in the gradient with increasing cooling rate.

Terroce
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Meit Fi1G. 4. Schematic description of
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FiG. 5. Composition profile of LPE layers grown with different cooling
rates.

IV. SUMMARY

The terrace width of Hg, 4, Cd, 3, Te LPE layer decreases
with increasing cooling rate and is inversely proportional to
the cooling rate. This behavior is explained by an increase in
the constitutional supercooling with increasing cooling rate.
The composition was uniform up to the surface except at the
interface region and the composition profile does not depend
on the cooling rate.
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Abstract

Cd1-xZnyTe (x = 0.02 and 0.04) single crystals were grown
by a vertical Bridgman method and were used as substrates for the
liquid phase epitaxial (LPE) growth of Hgg,gCdg,2Te. Smooth
virtually terrace-free LPE surfaces were obtained by using a
substrate with nearly perfect (111) Cd orientation. As the surface
orientation of the substrate deviates from (111) Cd, terracing
becomes more prevalent. Replacing CdTe with Cdi-xZnyTe does not
completely suppress the formation of terraces. The superior guality
of the layers grown on Cdi_xZnxTe substrates is probably due to
lower dislocation densities and/or better lattice matching of
substrates. The microhardness of Cd1-.xZnxTe increased with
increasing x-value, being roughly 30% greater for x = 0.04 as

compared with x = 0.




Introduction

The semiconductor Hg1-xCdxTe is an important material for
infrared detectors in the wavelength region of 3-5 and 8-14 um.
Several technigues such as quench/anneal, vapor phase epitaxy
growth, MBE, MOCVD, and LPE growth have been used to prepare this
material [1]. Recently, the LPE technique has been used to obtain
larger sample areas with good compositional uniformity [2-6].

CdTe is the most common substrate for LPE of Hgi.xCdxTe
because of the close lattice match between CdTe and Hgj_.xCdyxTe.
Terraces are observed on the LPE surfaces, if the orientation of the
substrate surface deviates from the (111) plane [2]. It is known
that dislocations are formed at the interface between CdTe substrate
and Hg1-xCdxTe LPE layer and are propagated into the epitaxial
layer [7]. Bell and Sen {8] used Cdi-xZnyxTe as a substrate in
order to reduce the dislocation density in the LPE layer and they
obtained a good surface morphology of Hgg,_,goCdg.20Te LPE layers
with Cdg.,962n(p,04Te substrates, which have an almost perfect
lattice match.

The surface morphology of Hg1.xCdxTe LPE layers depend
strongly on the orientation of the substrate [3]. It is not clear
in Bell and Sen's paper whether the lattice match, substrate
quality, or the orientation plays the major role in improving
surface quality. 1In the present study, we investigate the
dependence of the surface morphology on the orientation of

Cd1-xan’I‘e.




Growth of Cd _y4ZnyTe single Crystals

Two boules of Cdi1-xZnyxTe crystals with x values of 0.02 and
0.04 were grown by the vertical Bridgman method. A 25mm I.D. quartz
tube was loaded with 200 g of 6 nines grade C4, Zn, and Te. The
quartz tube was sealed after evacuating for 1 hr. at 10-7 torr.
After homogenizing the melt at 1160°C for 12 hrs, the furnace was
raised at 1 mm/hr., with a temperature gradient at the liguid-solid
interface of 28°C/cm.

The boule with x = 0.04 consisted of three large grains, with
the largest comprising two thirds of the boule. The boule with
x = 0.02 was a single crystal except at the bottom. The CdTe-InTe
pseudo-binary system has a narrow liquidus-solidus region [9], thus,
the problems of segregation and constitutional supercooling are not
too serious in this system. Electron microprobe analysis shows a
variation of about 10% in composition from the bottom to the top of
the boules.

Crystals were oriented by a goniometer with the Laue method, so
that a (111) plane could be obtained and 2 mm thick slices were cut
with an abrasive wire saw. Sliced substrates were chem-mechanically
polished for about 1 hr. with 1.5% bromine in ethylene glycol.

LPE Film Growth

A composition of LPE melt (Hg:Cd:Te=18:1.1:81 a/o)} was selected
from the liquidus and solidus data of Harman [4] in order to grow a
Hggo,.80Cd8p.20Te LPE layer at 502°C. LPE melt ingots of 15 g were

obtained by water cooling melts after heating at 600°C for 24 hrs.




A tipping technique was used for LPE film growth and is
described below. Figure 1 shows an ampule of 17 mm I.D. which
contains a melt ingot, a graphite holder, a substrate, spacers, and
a quartz plug. The quartz ampule was evacuated and sealed at a
pressure of 10~7 torr. The LPE film growth was performed in a
tilting furnace whose temperature uniformity was better than
+ 0.25°C for an active zone of 75 mm. Ampules were heated to 502°C
and held at this temperature for 1 hr. The furnace was then tilted
180° to immerse the substrate in the melt. The furnace was cooled
down by 10°C at 0.25°C/min, and then the furnace was tilted back and
the ampule immediately removed from the furnace.

Results and Discussion

Figure 2(a) shows the surface morphology of a
Hgg.g0Cdg.20Te LPE layer grown on a Cdg,9gZng,02Te substrate
with an almost perfect (111} Cd orientation. The surface morphology
is featureless, except for two vertical lines and small extrusions
accompanied by wave-like short lines. The small extrusions are
believed to originate from defects in the substrate. Figure 2(b) is
the cross section of the same epitaxial layer; the flat surface also
indicates a terrace free surface.

Terrace surface morphology is always observed when we use a
CdTe substrate, even when the orientation of the surface is close to
(111) C€d [3]. To check whether the excellent surface morphology
obtained with the Cdg.,982Zng . 02Te substrate was due to perfect
orientation of the substrate or to improved perfection of lattice

match caused by the presence of Zn, substrates whose surfaces




were off the (111) (d orientation by 2° (Cdgp,98Zng.02) and by 4°
(Cdgp.962np,04Te) were used to grow LPE layers. Figures 3 and 4
show the surface morphologies of the resulting lavers. Changes of
the surface morphology with the increase of the deviation r:om the
exact (111) Cd orientation are clearly seen. Terraces are observed
on LPE layer surfaces grown on the 2° misoriented substrate and, as
the misorientation increases to 4°, continuity between adjacent
terraces disappears.

These results can be explained as follows. Growth of LPE
layers are limited by two factors: every region on the substrate
tends to have the same growth speed, and a growing front tends to
maintain the exact (111) Cd orientation, as closely as possible.
The only way to satisfy these two conditions at the same time is to
break down the growing front into small units or terraces. If the
misorientaion becomes as large as 4°, planes perpendicular to (111)
want to maintain their own crystallographic planes, instead of being
smoothly connected to adjacent terraces. It is clear that the
terrace surface morphology is due to surface misorientation from the
exact (111) Cd plane and replacing a CdTe substrate with a
Cdi1-xZnyTe substrate does not suppress this tendency.

The smooth surfaces obtained with Cdi-.xZnyTe substrates are
thought to arise partly from reduced lattice strain due to better
lattice matching between the substrate and the LPE layer. Lower
dislocation densities of the Cdj_xZnyTe substrates also may

cause lower densities of extrusions.




Figure 5 shows the composition profile of the LPE layer
measured by an electron microprobe. Very uniform composition is
maintained up to the surface. The interface region is shown to be
about 3 ym in this composition profile.

The easier growth of single crystals of Cdj-x2ZngTe, as
~romnared to CdTe. and the apparent improvement in surface
imperfections may arise from a higher hardness for the ternary
alloy, aue to sclid solution hardening. Sher et al. [10] predicted
theoretically the increase of hardness with the increase of x-value
in Cd1-xZnyTe. They suggested that the shorter bond length of
ZnTe in Cd1-xZnxTe gives rise to a higher dislocation energy and
a higher hardness. 1In order to test this idea, we measuraed the
microhardness of these alloys and of CdTe. Table 1 shows the
results of microhardness measurements of CdTe and Cdi-yxZnyTe.
Hardness increased by about 30% by replacing CdTe of 4% with ZnTe.
Summary

The development of surface terraces is a natural tendency in
liquid phase epitaxy, if substrates are not precisely oriented.

For example, the Hg1.4yCdyTe LPE layer tries to maintain the

exact (111) orientation and terraces develop if the substrate is
misoriented. The tendency is observed with Cdi-xZnyTe

substrates as well as with CdTe substrates. Smooth LPE layers with
fewer defects are obtained with Cd1-x2nyTe substrates. Lower
dislocation densities and/or better lattice matching contribute to

this improvement.




Microhardness of Cdj_yxZnyxTe increases with increasing
X-value, Thus, Cdy-xZnxTe is more resistant to breakage and
developing scratches. The higher microhardness would also be
expected to establish lower dislocation densities for
Cd1-xZnyTe, as compared to CdTe.
acknowledgment

The authors thank Professor R. S. Peigelson and Dr. R. K. Route
of Stanford University for advice and facilities for the growth of
the Cdi_xZnxTe single crystals and J. G. Fleming and M,F.S. Tang
of Stanford University fnr valuable discussions. One of the authors
(S.H. Suh) expresses his appreciation to the Korean Science and
Engineering Foundation and Korea Advanced Institute of Science and
Technology for fellowship support. This work was supported by DARPA

through the Office of Naval Research, contract o, N0C0C014-84K-04213.




References
1. J. L. Schmit, J. Crystal Growth 65 (1983) 249.

2. C. D. Wang, S. H. Shin, M. Chu, M. Lanir and A.H.B. Vanderwyck,
J. Electrochem. Soc. 127 (1980) 175.

3. D. D. Edwall, E. R. Gertner and W. E. Tennant, J. Appl. Phys.
55 (1984) 1453.

4. T. C. Harman, J. Electron. Mater. 9 (1980) 945.

5. J.A. Mroczkowski and H.R. Vydyanath, J. Electrochem. Soc. 128
(1981) 655.

6. K. Nagahama, R. Ohkata, K. Mishitani and T. Murotani, J.
Electron. Mater. 13 (1984) 67.

7. G.R. Woolhouse, H. Kawayoshi and T.J. Magee, "Spatially
Distributed Misfit Dislocations in LPE CdyHgi-xTe
(0.2<x<0.4) Films Grown on CdTe Substrates."™ AACG 6th
Conference on Crystal Growth, Stanford Sierra Camp, CA June 1-4
(1982).

8. S.L. Bell and S. Sen, J. Vac. Sci. Technol. A3 (1985) 112,

9. J. Steininger, A. J. Strauss and R. F. Brebrick, J. Electrochem.
117 (1970) 1305.

i0. A. Sher, A. Chen, W. E, Spicer and C. Shih, "Proceedings of
1984 workshop on the Physics and Chemistry of Mercury Cadmium
Telluride”.




Pig.

Pig.

Pig.

Fig.

Fig.

Quartz ampule for LPE growth of Hgy.xCdxTe.

(a) The surface morphology of an Hgg_ goCdp.20Te layer
grown on a Cdg,98Zn0,02Te substrate whose surface is
less than 0.2° off (111) (b) The cross section of the above

LPE layer.

The surface morphology of an Hgg,kggCdg, 20Te layer grown
on a Cdg.982np.02Te substrate whose surface is 2° off
(111).

The surface morphology of an Hgg,kggCdg,20Te layer grown
on a Cdg_.96¢Zng.g4Te substrate whose surface is 4° off

(1115,

Composition profile of the LPE layer grown on a
Cdg.982ng,02Te substrate.




Table 1 Microhardness of Cdi_yxZnyTe and CdTe (Kg/mm2)

CdTe

Cdp.982Znp,02Te

Cdp.962ng.04Te

46.0 ¢ 1.0

52.4 ¢ 1.2

59.4 ¢+ 3.6

10
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Pig. 5 Composition profile of the LPE layer grown on a
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Appenaix F:

Isothermal Liquid Phase Epitaxial Growth of Meicury Cadmium
: Telluride

) J. G. Fleming and D. A, Stevenson”
Department ojMam;ah Science and Engineering, Stanford University, Stanford, California 94305

ABSTRACT
A method is presented for the isothermal growth of '“;'I?“? cadmium telluride from a mercury or tellurium-rich melt.
e de

In accord with a proposed model, growth proceeds by H

position from the melt onto the substrate and interdiffu-

sion between the Hg and Cd within the growing layer. Mercury.rich interdiffusion coefficients are determined fro
analysis of experimental composition peofiles. maa

Mercury cadmium telluride consists of a continuous
series of solid solutions between mercury telluride and
cadmium telluride. Currently it is of great interest for
use in infrared detectors in the long wavelength regime,
for use in optical communications systems, and in scien-
tific spectroscopic applications. This interest is based on
the continuous change of the direct bandgap as the com-
position varies from HgTe (-0.32 eV) to CdTe (1.6 eV) (1).
However, there are substantial problems with growth
and processing of this matarial, see for example Ref. (2).
A large liquidus-solidus lens in the pseudobinary
temperature-composition diagram makes it difficult to
grow homogeneous bulk material. In addition, the mate-
rial is mechanically weak, the mercury vapor pressure is
high during processing and growth, and it is difficult to
experimentally define the material thermodynamically
since it is a ternary system. A great many growth tech-
niques have been developed, both bulk and epitaxial. In
this paper we present a new technique for growth fremn
an isothermal melt and provide an analysis of ihe growth
mechanism. In addition, mercury-rich interdiffusion co-
efficients are obtained from an analysis of the composi-
tion profiles.

Experimental

The experimental geometry for growth from a mer-
cury-rich melt is shown in Fig. 1. A CdTe (111} substrate
is initially placed above a reservoir of mercury large
enough to cover the substrate when the ampul is tilted
180%. Sufficient Te is added to the mercury to establish
the equilibrium tellurium atomic fraction in the melt at
the growth temperature for the composition of interest.
We have been using a growth temperature of 500°C and a
tellurium fraction of 8-10%; this produces material with
X values (X in Hg,.,Cd,Te) in the range of 0.3-0.2. The
ampul is then evacuated and sealed. Growth takes place
within a tipping furnace equipped with a sodium heat
pipe to ensure that the system is isothermal. The ampul
is first annealed at the growth temperature to dissolve
the Te into the liquid Hg. The furnace is then tipped 180°,
thereby immersing the substrate in the melt which then
saturates by dissolving some of the substrate. Growth is
allowed to proceed for 60-70h. At the end of the growth
cycle, the melt is tipped off the substrate. The furnace is
then turned off and allowed to cool to below 360°C before
removal of the ampul in order to avoid boiling the Hg
melt which can spoil the layer surface quality. A sche-
matic of this process is given in Fig. 2. Growth from a tel.
lurium melt is similar except that the melt consists of the
telluriu.a-rich liquid in equilibrium with the composi-
tion of interest. After growth is complete, the layers are
examined optically, mounted, cross-sectioned, and the
composition profiles determined by electron probe
microanalysis.

In our initial experiments, the melt, tellurium. and
substrate were all in contact as the system was heated.
This produced layers with poor surface quality, probably
due to Hg vapor bubble formation on the substrate as the
mercury vapor pressure increase? When the melt is

*Electrochemical Society Active Member.

heated separately from the substrate, the surface quality
is improved. Also, while it is possible to use the substrate
to saturate the Hg-Te melt, this results in poor surface
quality since a relatively large amount of CdTe must be
dissolved, on the order of 80 um for our geometry. This
problem is easily avoided by adding some Cd or CdTe to
the mercury melt, or by having a large ares sintered
“source’ next to the substrate.

.. Results

The surfaces of the grown layers exhibit a terraced
structure like that found in LPE material (3, 4). Pinholes
which penetrate through a good fraction of the layer
thickness were occasionally present. There is little evi-
dence of any gross melt retention on the substrate
surface. -

Figure 3 shows a typical growth profile. As we will see
in the next section, growth is dependent on interdif-
fusion so that interdiffusion coefficients can be deter-
mined from these profiles using an analytical technique
developed for the isothermal vapor phase epituxial
growth method (3). The results of the interdiffusion anal-
ysis are given in Fig. 4, along with points for mercury-
rich conditions obtained by Leute and Stratmann (6).
Due to the high mercury vapor pressures encountered, 8
atm at 500°C (7), growth was not attempted at higher tem-
peratures to minimize the possibility of an explosion.

Discussion

Itis instructive to view this technique as a liquid phase
analogue of the isothermal vapor phase epitaxial
(ISOVPE) growth technique. for which we have recently
proposed a mechanism (8). This vapor phase process is
governed by the vapor transport of Te, from the source
to the substrate and by interdiffusion between the Hg
and Cd in the growing layer. As was already mentioned,
interdiffusion coefficients can be determined by an anal-
ysis of the ISOVPE growth kinetics and the experimen-
tal growth profiles. These interdiffusion coefficients are
of interest both theoretically and practically because
they dictate the transition region in LPE material, the
stability of superlattices of HgTe and CdTe, and the rate

, —— Quartz Plug
Substraote ,
i
Quartz
Ampoule Quortz Substrate

Holder

Mercury Melt
with8-9%Te

Fig. 1. The experimental goometry vrad in these experiments. In
generel, 0 source of Cd wos added te the meilt or placed next te the
substrate. .
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of homogenization of material. The vapor phase growth
technique is practical only in Te-rich environments since
the Te, partial pressures in Hg rich environments are ex-
tremely low. A . ‘ivaunn for developing the nresent iso-
thermal LPE growth techruq.e was to allow growth un-
der Hg-rich conditions so that Hg-rich interdiffusion
coefficients could be obtained.

The mechanism of growth can be seen with the aid ofa
schematic of the Hg-rich corner of the Hg-Cd-Te phase
diagram, Fig. 3. The initial composition of the Hg-Te
melt is determined by the amount of Te added to the Hg.
When the melt comes into contact with the substrate, it
dissolves enough CdTe to saturate the melt, 1. This melt
is now in equilibrium with solid mercury cadmiumn tellu-
ride of a certain composition, via tie line 2. In order to ob-
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Fig. 4 A plot of mercury rich interditfusion coefficionts vs. compesi-
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tain the equilibrium solid composition. some HgTe de-
posits from the melt onto the substrate surface. This
HgTe then interdiffuses with the CdTe substrate. Due to
this interdiffusion, the surface of the growing layer is
again no longer in equilibrium with the meit, leading to
further deposition of HgTe and so the cycle continues,
3, 4. Since the melt is very much larger than the amount
of material deposited, the overall composition of the
melt remains unchanged. However, as the layer thick-
ens, the interdiffusion process slows so that the surface
composition of the layer approeches equilibrium with
the melt. Thus, Axing the Te to Hg ratio in the melt,
which fixes the melt composition, allows us to control
the surface composition of the layers. The Cd solubility
in the melt is approximately two orders of magnitude
lower than that of the Te (9) and does not play & major
role in growth. In our experiments, we have used 8-10%
Te in the Hg melt and have obtained layers with surface
fractions of CdTe in the range 0 0.3-0.2, as expected from
the phase diagram work of Herning (9).

We have also observed the same growth process with
layers grown on CdTe substrates from tellurium-rich
melts, which is to be expected since growth is only de-
pendent on the high interdiffusion coefficient and the
thermodynamic driving force pushing the entire system,
melt and substrate, towards equilibrium.

Despite the fact that the technique can only produce
graded junctions, it may have some advantages s a
growth technique. Mercury is the most easily purified of
the three components and growth from the mercury cor-
ner should give material with fewer teliurium precipi-
tates and mercury vacancies. Also there is the possibility
for in situ mercury annealing by holding the sample at a
lower temperature once growth has been completed. It
has been noted in vapor grown samples that a problem
exists due to impurities left on the surface of the sub-
strate (10). This should not be a problem in the technique
described here since the substrate surface can be melted
back when it comes into contact with an undersaturated
melt, thereby removing any surface impurities. A sys-
temnatic effort is in progress to evaluate and optimize the
electrical properties of the layers.

Summary

Mercury cadmium telluride epilayers have been grown
by a mercury or tellurium-rich isothermal liquid phase
growth technique. Growth is the result of HgTe deposi-
tion onto the substrate. The mercury and cadmium
within the layer then interdiffuse to maintain the chemi.
cal potential gradient which leads to further HgTe depo-
sition. From an analysis of the composition profiles, in.




Vol 134,No. 5

terdiffusion coefficients were ohtatned which are :n good
agreement with those obtained using 4 conventional dif-
fusion couple technique -
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VICKERS HARDNESS OF Hg,_,Cd Te EPILAYERS GROWN

BY ISOTHERMAL VAPOR PHASE EPITAXY

J.G. FLEMING, LJ. FARTHING and D.A. STEVENSON
Department of Materials Scierice and Engineering, Peterson Buiding Stanford University, Stanford, California 94305, USA

A novel method for preparing graded compositions of Hg,_,Cd,Te epilayers is presented. The epilayers are grown by an
isothermal vapor phase epitaxial technique, which uses a CdTe substrate and either Te-rich HgTe or HgCdTe as the source. The
substrate is positioned vertically to the source allowing a graded composition of HgCdTe epilayer to be deposited. Epilayer
thicknesses of 100-200 um were deposited. with x values ranging from 0.1 to 0.7. Vickers hardness measurements were made over
the composition range with hardness values ranging from 33 to 75 kg/mm?. These values are similar to hardness values in the
literature which were measured on individual bulk specimens. Our method is particularly effective since a single oriented layer of
varving composition is measured rather than separately prepared samples of different orientation.

1. introduction

Mercury cadmium tellunde, Hg, _ Cd Te, is of
interest since it is used in infrared detectors for a
wide vanety of applications, such as infrared focal
plane arrays, spectroscopic detectors, and in opti-
cal communication systems {1,2}. The mechanical
properties of HgCdTe are of interest since they
relate to practical problems in processing the
matenial. There is also interest in the theoretical
basis of predicting mechanical properties of semi-
conductor alloy systems [3]. We present a novel
method for preparing graded compositions of
HgCdTe epilayers and determining Vickers hard-
ness profiles of these epilayers.

The attractive feature of the HgTe-CdTe sys-
tem is the ability to vary a direct band gap con-

~ tipuously from 0 to 1.6 eV [4]. The growth of
""HgCdTe by conventional solidification methods is
difficult because the large separation between the
liquidus and solidus in the pseudobinary causes
interface breakdown due to constitutional super-
cooling. The solid state recrystallization technique
is used to prepare bulk specimens [S]. but there
are several disadvantages: small grain size: lack of
control over onentation; lack of reproducibility;
and processing cost. Epitaxial growth of HgCdTe
is usually accomplished by liquid phase epitaxial
(LPE) techniques for both Te- and Hg-rich melts

[6-19]. The travelling heater method is favored as
the next generation growth method for bulk
growth, while LPE is favored for epitaxial growth.
Isothermal vapor phase epitaxy (ISOVPE) is not
utilized as extensively, but is has several ad-
vantages: (1) the surface quality is excellent; (2)
many wafers can be processed simultaneously; (3)
there are potentially lower impurity concentra-
tions in the epilayers; (4) it is simple to imple-
ment. We present a modification of this method
that produces a range of surface compositions on
a single wafer.

The ISOVPE technique was first described in
the mid-1960’s by French researchers [20,21] and
has been utilized fairly extensively since then
(22-34]. Recent thermodynamic information pro-
vided a basis for elucidating the growth method,
which has recently been described [35]. The method
consists of a CdTe substrate wafer and a HgTe or
HgTe-rich HgCdTe source in a closed evacuated
ampule. During isothermal annealing, there is
transport of Hg and Te from the source to the
growing film of HgCdTe. Isothermal vapor phase
growth is the result of two processes: transport of
Te, and Hg from the source to the substrate (the
transport of Te, is rate limiting): and interdiffu-
sion between Hg and Cd within the growing layer.
The driving force for the growth is a variation of
the Te, chemical potential with the CdTe fraction

0022-0248 /88 /803.50 T Elsevier Science Publishers B.Y.

(North-Holland Physics Publishing Division)
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Fig. 1. The vaniation of Te, partial pressure with composition

for the conditions of ISOVPE growth, constant temperature

and Hg partial pressure. A temperature of 550°C and Hg

pressure of 1 atm arc used as an example. The Te, partial

pressures were determined from a best straight line fit of the

free energy of formation of HgTe determuned from the data of
Tuagetal [37).

in the HgCdTe; fig. 1 shows the variation of the
Te, partial pressure with composition for constant
temperature and Hg pressure. The growth is
limited by the transport of Te, at short times. and
is diffusion limited at longer times. Eventually,
growth becomes entirely diffusion limited and the
surface composition approaches that of the source.
The time it takes for this to occur 1s greater for
material with lower CdTe fractions, higher tem-
peratures, higher Hg overpressures and greater
source-to-substrate spacings. Fig. 2 shows the ef-
fect of source-to-substrate spacing on layer thick-
ness and surface composition of the epilayer. In-
creasing the Hg overpressure decreases both the
partial pressure and the mobility of Te, vapor.
Further details are given in ref. [35]. The novel

‘ 04
32
-~ - > }0) .
5 . .}
20 g
- Loy @
1€ -
12 0
s 10 18 20 28 10

Distance from the surface (mm )

Fig. 2. The effect of source-to-substrate spacing ihonzontal

axis) on layer thuckness (left-hand side vertical axiv) und surface

composition (nght-hand side vertical axis) The wiurce uved

was Te-nch HgTe, the temperature was 500 °C and the growth
tume was 16h

Quartz Plug
Substrote

Free Volume Quartz Ampoule
Source

Fig. 3. The experimental arrangement used to investigate the
elfect ol the souce-to-substrate spacing. The substrate is ori-
ented vertically with respect to the source so that different
points on the substrate are different distances from the source.

approach we have used in the present study is to
place the substrate vertically, not horizontally, with
respect to the source (see fig. 3), which produces a
HgCdTe epilayer of graded composition.

2. Experimental methods

Fig. 3 is a schematic diagram of the experimen-
tal arrangement used in the present study. The
source, spacers, and substrate were placed in a
quartz ampule, which was evacuated to 10~* Torr
and sealed. The ampule was then annealed at 550
to 638°C for times from 69.5 to 162 h.

Substrates used were (111) CdTe wafers ap-
proximately 4 X 10 mm? and 0.7 mm thick and
were etched in a 5% bromine-methanol solution
for 30 s and then rinsed with methanol prior to
use. The sources, either HgTe or Hg-rich HgCdTe,
were prepared by annealing the elements at 650°C
for 15 h in an evacuated and sealed quartz amp-
ule. The source was then removed and ground to
powder. The powder was placed in a quartz amp-
ule, which was evacuated, sealed, and annealed at
500°C for 30 min to sinter the source.

Hardness measurements were made on the
HgCdTe epilayers using a Vickers hardness tester.
The indenter was kept in contact with the surface
for 20 s. Weights ranged from 5 10 25 g. The
diagonal lengths of the indentation were small at
the lower weights and difficult 1o measure; there-
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fore, most measurements were made with the 25 g
weigth.

Microprobe analyses were performed on the
epilayers to determine the composition along the
surface of the substrate. The samples were
mounted in epoxy resin, polished using 600 gnit
SiC and 0.3 pm Al,0;, and then coated with
sputtered carbon to produce a conducting layer
for the microprobe. An accelerating voitage of 20
keV, a beam current of 15 nA, and a sampling
time of 20 s were used. The computer program
which calculates atomic fractions of Hg, Cd. and

J.G. Flemung et al. / Vickers hardness of Hg, _ ,Cd  Te cpilayers grown by ISOVPE

Te was set for a standard deviation of 0.5%; the
reproducibility of the microprobe analyses was 1%
of the concentration in question.

3. Results and discussion

Fig. 4 shows the Vickers hardness as a function
of x in Hg, _ ,Cd Te epilayers with x values rang-
ing from 0.1 to 0.7. The hardness values range
from 33 to 75 kg/mm?, which are comparable to
hardness values determined by Cole et al. [36],

80
*
£ *
K
10} N .
o x +
'X +
x X x
$
60+ ". % J
x *
$ x
o x
. x
* X
S0 - . 4
x
] x
< 1
2 2
5 : |
% ©l f * + Cole
- el 8 Kurilo
=
_g s ¢ Sharma
S o * Koman
7Y S ¥ OurData
0
p
20 " e A - . A - i Il
00 ot 2 03 04 oS 06 07 X 09 10

Value of x in Hg1.xCdxTe

Fig 4 Our data of Vickers hardness plotted u~ 4 “ur.tion of composition in Hg, - ,Cd Te as compared with those of Cole et al.

Kunlo et al . Sharry ot i und Koman and Pashovskn fas cited in ref [36))




who used individual bulk specimens grown by the
Bridgman method. Fig. 4 presents a comparison of
our data with those of Cole et al., Kurilo et al,
Sharma et al., and Koman and Pashovskii (as
cited in ref. [36]). There is a wide range in hard-
ness values reported in the literature; for example,
hardness values reported fcr Zd7Te range from 43
to 70 kg/mn?. Such large differences should be
resolved or explained. Our data differ significantly
from those reported by Kurilo et al. and by Ko-
man and Pashovskii, but are in good agreement
with the data reported by Cole et al. and by
Sharma et al.

The advantage of our ISOVPE mezthod in con-
trast to the traditional approach is that fewer
samples are needed and that oriented samples are
used. For example, Cole et al. [36] used many
large-grained samples cut from a HgCdTe ingct
grown by the Bridgman method and did not mea-
sure the crystallographic orientation of these sam-
ples. Using this new approach, we grew Hg,_,
Cd, i'e epilayers with x values ranging from 0.1 to
0.7 on just four (111) CdTe substrates.

As seen in fig. 4, there is a strong, nonlinear
hardening effect seen in HgCdTe alloys. Cole et
al. [36] describe possible mechanisms for solid
solution hardening in HgCdTe. Solid solution
hardening may arise from elastic and electrical
interactions of solute atoms with dislocations.
Fleisher (as cited in Cole et al. [36]) divides the
elastic interaction into two misfit parameters: one
parameter relates the local strain field anising from
the size difference between the solute and matrix
atoms; and another parameter represents a change
in the local elastic modulus due to the presence of
the solute atom. Cole et al. [36] propose that there
may be a change in the local charge relative to the
matrix by the addition of Cd or Hg atoms which
causes electrical interactions with charged disloca-
tions. Thus, if free carriers produce a screening
effect, then, since the free carrier concentration
decreases with increasing x {rom a maumum at
x = 0.1, the elastic interaction would be the Jomi-

nant factor contnibuting to hardening .t low x
values, while both elastic and electncui interac-
tions contribute at lugh x values. The hardness
values would therefore reach a maximum .t high

values of x, a trend which 15 clearly estahiistcd by
the data.
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Sher et al. [3) have proposed a mechanism for
solid solution hardening in ternary semiconductor
alloys based on fundamental atomic properties.
They state that the hardness of tetrahedrally
bonded semiconductors are strong functions of
the reciprocal of the bond length. Although pure
CdTe and pure HgTe have nearly the same bond
lengths (2.81 and 2.80 A, respectively), their calcu-
lations show that during alloying the HgTe bond
length gets smaller and the CdTe bond length gets
larger. This then causes internal strains on an
atomic scale and, thus, an increase in hardness.
This behavior is unexpected from a comparison of
the bond lengths of the two pure semiconductors.

4. Summary

Graded compositions of Hg, ., Cd Te epilayers
are grown by an isothermal vapor phase epitaxial
technique. Either Te-rich HgTe or HgCdTe are
used as sources and a CdTe substrate is positioned
vertically to the source allowing a graded com-
position of HgCdTe epilayer to be deposited. Epi-
layer thicknesses of 100-200 pm are deposited,
with r wvalues ranging from 2.1 to v... Vickers
hardness measurements are made over the com-
position range with hardness values ranging from
33 to 75 kg/mm’. These values are similar to
hardness values in the literature which were mea-
sured on individual bulk specimens.
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ABSTRACT

Hardness and moduius values of bulk and epll'ayor ZnTe and CdTe samples and of
@Te—CdTe_ superianig:es are reported. Both hardness and Young's mod:.?lus values
increase with increasing ZnTe content in the ZnCdTe samples. Alloying effects and
strains in the superlattice structure are proposed to explain the strengthening.

INTRODUCTION

Compound semiconductor superlattices are of interest to the materials community
because bandgaps can be finely tuned by the proper choice of the semiconductor
matsrials and layer thicknesses. Mechanical properties relate to the changss in
electronic and optical properties that may accompany the processing of semiconductor
materials intc devices, particularly the introduction of dislocations upon thermal
processing and the application of films. Furthermore, the mechanical properties are of
concern in the integrity of devices during service. In this paper, we report hardness
and elastic modulus values for ZnTe and CdTe epilayer and bulk samples and ZnTe-
CdTe strained layer superiattices. The ZnTe-CdTe system is of interest because of its
promising optical properties [1).

EXPERIMENTAL

The samples consist of two sets of ZnTe-CdTe strained layer supenattices grown
by atmospheric pressure organometallic vapor phase epitaxy (OMVPE) [1], and
epilayer and bulk samples of ZnTe and CdTe. The first set of the superiattices consists
of 200 cycles of 25 A ZnTe and 50 A CdTe with a 25 A CdTe cap and a 1.0 um ZnTe
buffer layer on a (100) GaAs substrate. The other set of superiattice samples consists
of 200 cycles of 25 A CdTe and 50 A ZnTe with 2 25 A CdTe cap and a 1.0 um ZnTe
butfer layer on a (100) GaAs substrate. The ZnTe and CdTe have a lattice mismatch of
6%, so these are strained layer superiattices. The (100) ZnTe epilayer and (100)
CdTe epilayer are grown on (100) GaAs substrates by OMVPE for thicknesses of 2.0
um. The bulk samples are a single crystal (100) CdTe sample and a coarse grained
ZnTe sample.

X-ray diffraction measurements were made using a Picker diffractometer with a Cu
Ka source. Harrdnesses were measured by a Vickers hardness tester and a Nanoin-
denter, which can measure the hardness of very thin films. Important parameters of
the Nanoindenter are a displacement resolution of 2 A and a force resolution of 0.5
mN {2]. The data from the Nanoindenter give hardness va'ues as a function of plastic




depth, while Young's modulus values can be calculated from the unloadin i

the load versus depth indentation curves. Most samples were testeldgfc?rogf;tr?;
between 20 and 1500 nm; however, for the purpose of analysis, only the indentations
with depths between 40 and 400 nm were considered.

RESULTS AND DISCUSSION

Figure 1 shows the hardness of the ZnTe and CdTe epilayer and bulk samples as a
function of plastic indentation depth. The hardness values for the ZnTe epilayer and
bulk samples are very similar and show the same pattern of decreasing hardness with
increasing plastic depth. The large increase in hardness at very small plastic depths is
thought to be due to a surface oxide on these samples, which is evidenced by a
discontinuity in the indentation curves at small values of plastic depth. Although the
hardness values of the CdTe bulk sample are lower than those of the epilayer, the
CdTe samples do show a similar pattern in hardness. There is no large increase in
hardness at very small depths; indentation curves for the CdTe samples show no
avidence of a surface oxide being broken. Both epilayer samples show increases in
measured hardness at depths > 400 nm as the much harder GaAs substrates begin to
influence the data.

Figure 2 shows the hardness of the CdTe-rich and ZnTe-rich supariattices as a
function of depth. As is expected (since ZnTe is harder than CdTe), the unannealed
and annealed ZnTe-rich superlattices are harder than the corresponding unannealed
and annealed CdTe-rich superlattices, respectively. Both unannealed superiattices
are harder than the corresponding annealed superlattices, which is due to layering
effects. Strengthening from muiltilayers arises from the strain in the layers
(compressive in the CdTe layers and tensile in the ZnTe layers) and from different
meduli in the layers [3]. Since ZnTe is stiffer than CdTe, dislocations in the CdTe
layers are repelled by the ZnTe layers, thus requiring larger applied stresses to move
diglocations. Both unannealed superlattices show similar patterns in hardness:
decreasing hardness with increasing depths < 400 nm. This pattem is thought to arise
from annealing that occurs as the superlattices are being grown. Interdiffusion
between the ZnTe and CdTe layers occurs to a greater degree in the layers grown first
than in the layers grown later. This interdiffusion of the two components decreases the
strengthening effects of layers; thus, the hardness values decrease as the indenter
reaches the lower layers (i.e., those closer to the buffer layer and substrate).

The annealed superiattices are softer than the corresponding unannealed super-
lattices, since the layers have interdiffused to form termary alloys. X-ray diffraction
scans of the two annealed samples show no superiattice sattelite peaks, indicating
that the superiattice structure has been completely destroyed. There appears to be a
ditference in the patterns of hardness of the two annealed superattices, since the
hardness of the ZnTe-rich sample is fairly linear with depth while the hardness of the
CdTe-rich sample decreases with increasing depth. At closer inspection, however,
this apparent difference may be dus to a difference in testing: hardness values of the
CdTe-rich superiattice range from depths of 18 to 1182 nm, while those of the ZnTe-
rich superiattice range from depths of 70 to 1234 nm. Also, the indentation curves at
very smali depths for the annealed CdTe-rich sample indicate the breaking of a
surface oxide. Since we have no data for the annealed ZnTe-rich sample at depths <
70 nm, we do not know if this ditference in patterns is real.

Figure 3 shows hardness as a function of ZnTe fraction in the epilayer and bulk
ZnTe and CdTe samples, in ZnCdTe samples, and in the ZnTe-CdTe superiattices.
Hardness values measured by the Vickers tester and by the Nanoindenter are shown.
The lower curve in figure 3 shows Vickers hardness values of the ZnCdTe alloys
ranging from 0.5 GPa at 2% ZnTe content to a maximum of 1.0 GPa at 30% ZnTe




content. These hardness values show a bowing due to solid solution hardening [4).
This bowing is seen in several ternary semiconductor systems (8.g., HgCdTe (5],
GalnSb [4], InAsP (4], etc.). The hardness values of the binary compounds of CdTe
and ZnTe are seen at the endpoints of the curves in figure 3. The hardness values of
the epilayers of CdTe and ZnTe, 1.1 GPa and 1.5 GPa, compare tavorably to values of
the bulk CdTe and ZnTe, 0.8 GPa and 1.4 GPa. These values, however, are higher
than Vickers hardness values of bulk CdTe and ZnTe, 0.46 GPa and 0.8 GPa. This
difference can be explained by the fact that measured hardness typically increases as
the applied load decreases [6]. The Vickers measurements were made using a weight
of 25 g (245 mN), while the largest load applied by the Nanoindenter at depths of 400
nm was approximately 12 mN. The middle curve in figure 3 shows the hardness of the
annealed superiattices. The hardness values of both the CdTe-rich and ZnTe-rich
superlattices are 1.7 GPa. If these two values are joined to the hardness valuas of the
binary epilayers, tha resulting curve shows a bowing due to solid solution hardening.
The upper curve in figure 3 shows the hardnass of the unannealed superattices. The
hardness of the CdTe-rich superlattice is 2.2 GPa, while that of the ZnTe-rich super-
lattice is 2.4 GPa. If these values are joined to the hardness values of the binary
epilayers, the resulting curve shows an even more pronounced bowing due to the
strengthening by the multilayer structure.

Figure 4 shows Young's modulus values as a function of ZnTe content in the
epilayer and bulk ZnTe and CdTe samples and in the superiattices. This figure shows
modulus values from the literature [7] and values from the Nanoindenter indentation
curves. The lower curve in figure 4 shows calculated modulus values for an isostress
model for uniaxial deformation of a (100) multilayer [8]. These moduli for the mode!
are significantly lowar than the measured values and the literature aggregate values.
This suggests that the modulus extracted from the Nanoindenter data is an aggregate
value, not a modulus for the crystallographic orientation of the measured sample. The
moduli of the binary compounds are seen at the endpoints of the curves in figurs 4.
Measured modulus values for the bulk and epilayer CdTe (41.3 GPa and 41.6 GPa,
respectively) are very close; howaver, these values are a little higher than the literature
aggregate value (38.1 GPa). Moduli for ZnTe from the literature aggregate value (61.0
GPa) and from the measured bulk (61.3 GPa) and epilayer (61.8 GPa) values are
extremely close. The middle curve in figure 4 shows modulus values of the annealed
superiattices. The modulus of the CdTe-rich superiattice is 49.8 GPa, while that of the
ZnTe-rich superlattice is 52.5 GPa. If these values are joined to thea moduli of the
binary epilayers, the resulting curve shows a linear increase with increasing ZnTe
fraction due to alioying. The upper curve in figure 4 shows moduli of the unannealed
superiattices. The modulus of the CdTe-rich superiattice is 51.0 GPa, while that of the
ZnTe-rich superlattice is 61.2 GPa. If these values are joined to the moduli of the
binary epilayaers, the resulting curve shows a slight bowing due to the strain in the
multilayers.

CONCLUSIONS

Hardness and modulus values of bulk and epilayer ZnTe and CdTe samples and of
unannealed and annealed ZnTe-CdTe superlattices of two compositions (one thirt.
ZnTe content and two thirds ZnTe content) were measured. Increases in hardness in
both ZnCdTe samples and annealed superlattices due to solid solution hardening
were found. Increases in hardness with increasing ZnTe content in the unannsealed
superiattices, as compared to the corresponding annealed superiattices, due to the
layering effects, were found. Hardness values of bulk ZnTe and CdTe show
reasonable agreement with hardness values of epilayer ZnTe and CdTe. A linear
increase in modulus values with increasing ZnTe content of annealed superiattices is

’
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due to alloying and a slight increase (beyond the linear increase) in moduli of

unannealsd superlattices is due to the superlattice structure. Modulus values of bulk

and epilayer samples of ZnTe and CdTe agree with each other and with tha literature

aggregate modul; for ZnTe and CdTe. The modulus value measured by the
i Nanoindenter appears to be an aggregate modulus.
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Appendix H:

The Determination of the Free Energy of Formation of Binary

Tellurides Using Lithium Coulometric Titration Techniques.

J.G.Fleming and D.A.Stevenson.

Department of Materials Science and Engineering
Stanford University, Stanford ,CA 9430S5.

Abstract: A low temperature electrochemical coulometric titration
technique using Li was developed and used to determine the Gibbs
free energies of formation of binary telluride compounds. The
approach is based on the metal/ lithium/ tellurium phase diagram
and relies upon the rapid diffusion of Li in these sysiems. The Gibbs
free energy of formation of Li;Te was determined by
electrochemically titrating Li into pure Te until a 2 phase Li;Te/Te
mixture was formed. A value of -82.140.3 kcal was calculated. With
this information, the Gibbs free energies of formation of HgTe, CdTe
and ZnTe were determined from the measured Li electrochemical
potential found 1in appropriate metal/telluride/LioTe Gibbs tie
triangle regions. ZnTe and CdTe were investigated by depositing a
large amount of Li on the sample in question and observing a
constant potential region after long annealing times. HgTe and
Hgo.gCdp.2Te were investigated by depositing a small amount of Li on
the sample and observing the short time transient, with no plateav
observed, but a characteristic "kink potential”. Suitable analysis of
the potential-time response characteristics for these cases leads to
values for the free energies of formation of CdTe and ZnTe and HgTe
of -23.2 0.6 and -26.4+0.9 kcal. and -6.8 *1.1 kcal., respectively,
in good agreement with the information in the literature.

Introduction
There is currently interest in the use of tellurides for infrared
detection in the long wavelength regime and for possible use in

optical communications. In order to wunderstand and model the




growth mechanisms and the relevant phase equilibria, it is necessary
to have reliable information on the thermodynamic properties of the
binary compounds which make up the ternary solid solutions.
Thermodynamic data on CdTe, ZnTe and HgTe has been obtained by a
variety of techniques such as solution calorimetry, dissociation
pressures and galvanic cell measurements. The results of these
studies are analyzed and tabulated by K.C.Mills (1) and, in turn,
incorporated in the tabulation of Barin and Knake (2). Currently
most uncertainty exists in the data for HgTe, which is the binary of
most interest.

Galvanic cell measurements are a direct and accurate method
for determining thermodynamic information. In this approach, a
galvanic cell is used to electrochemically titrate one of the
components into, or out of, the sample. Thermodynamic data are then
determined from the measured potentials in iernary tie triangle
regions where, under constant temperature conditions, the
component chemical potentials are constant. A study of this sort has
recently been completed by Zabdyr on the ZnTe-CdTe system for
temperatures between 503 and 692°C using a moiten salt electrolyte
(3). The high Hg partial pressures over HgTe at these temperatures,
however, make similar experiments on HgTe impractical. This
problem could be obviated if the required measurements could be
made at room temperature. The kinetics of the relevant solid state
reactions, however, are then impractically slow using standard
techniques. For example, even at the higher temperatures
investigated by Zabdyr (3), times of at least 12 hours were required

before equilibrium was achieved.




The requirements of low temperatures and reasonable growth
kinetics have ':d us to develop a technique using lithium as an
electrochemical probe. Lithium is used because of its high mobility at
low temperatures and because it forms an extremely stable Li,Te
compound. Furthermore, due to interest in Li for use in batteries,

electrochemical techniques for dealing with Li are well developed.

Basic Approach.

Fig. 1 shows the applicable portion of the room temperature
Li/Cd/Te phase diagram determined using the thermodynamic data
of Barin and Knake(2) and Huggins and coworkers (4). This diagram
is dominated by the extremely stable Li,Te compound. There are no
reported ternary compounds in these systems and we found no
evidence of any in the present work. The phase LiTe; has been
reported in the literature (5). However, it has been shown that LiTe;
decomposes to Te and Li,Te at temperatures below 250°C (6,7). This
conclusion was reached on the basis of annealing and X-ray studies
and as a result of the extrapolation of thcrrhodynamic data obtained
by vapor pressure studies (7).

Application of the Gibbs phase rule to a ternary system
indicates that the chemical potentials of the elements are fixed in
three phase regions at constant temperature. For example, the
component chemical potentials in triangles 1 and 2 are determined
by the reactions:

2Li + Te = Li,Te (1]
and

2Li + CdTe = Li,Te + Cd (2]




The free energy of formation of Li,Te can be determined from the
potential measured in triangle 1 relative to pure Li using the
equation:

AG,=-zFEy {31
where AG, is the free energy of the reaction, F is the Faraday, z is the
stoichiometric coefficient, and E;; is the potential measured with
respect to pure Li. Similarly, the free energy of reaction [2] is given
by equation [3] using the Li potential measured with respect to pure
Li in triangle 2. Since the free energy of formation of Li;Te is known
from triangle 1 and the only other two participants in reaction [2] are
elements, the free energy of formation of CdTe can be determined

from the poiential measured in triangle 2.

Experimental.

The cells used were of the type:

Mo | Li | IM LiFgAs in propylene carbonate | sample | Mo

All experiments were undertaken at 25°C under high purity He in a
controlled atmosphere glove box.

The HgTe investigated was either supplied by Cominco or made
by reacting stoichiometric amounts of Hg (5n8, Cominco) and Te (6n,
Cominco) in an evacuated and sealed quartz ampoule. CdTe was
supplied by Dr. M. Brown of Grumman Aircraft, and the ZnTe used
was grown from the vapor. A variety of cell geometries were utilized,
for long time experiments on CdTe and ZnTe the experimental

geometry shown in Fig. 2 was employed. The powdered CdTe or ZnTe
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was mixed with a roughly equal volume of powdered W and pressed
into a stainless steel container along with a Mo ribbon contact. Each
container held ~0.04 grams of sample. The powdered W was added to
the cell to provide electrical contact to the CdTe and ZnTe, which are
highly resistive in their pure form at room temperature, and to
reduce flaking off of the Li,Te product phase. The potentiostat used
was a PAR 173 equipped with a coulometer. The potential was
measured with a Fluke multimeter and recorded by a chart recorder.
In order to avoid current leakage through the voltmeter or chart
recorder, a buffer amplifier was employed.

Before use, the electrolyte (IM LiFgAs in proplyene carbonatz)
was conditioned by depositing Li onto a steel wool cathode from a ~5
cm?Li anode at 1 milliamp current for 70 hours. Pure Li was
scraped clean in glove box and was used as both the working and
reference electrodes. Enough Li was titrated into the samples to give
~20 to 30 atomic percent Li. Care was taken not to allow the potential
to drop below 1.0 volts versus Li in order to avoid the formation of
any Cd(Zn,Hg)/Li compounds. In all the experiments performed, it
was noted that the Li,Te/Cd(Zn,Hg) phases which form are brittle and
tend to flake off so that the actual amount of Li within the sample
can be much less than expected. It was necessary to wait ~4 to 6
weeks before a voltage plateau was approached. During this time the
potential was monitored once every two days. Periodically a small
amount of Li was titrated onto the sample in order to break down
surface films which may have formed on the sample. Due to the long
times i1nvolved and flaking and reversii.iity problems (discussed

below), no attempt was made to titrate completely acrocs the whole




of the three phase region of interest. Cells employing HgTe and
Hgo3Cdp 2Te failed before equilibrium had been obtained.

Transient experiments were undertaken on HgTe and
Hgg.8Cdg.2Te. These cells were made by either attaching a sample
onto a Mo ribbon using indium to bond the two together, or by using
small Mo spring clamps. Experiments were then performed by
titrating small amounts of Li onto the sample and monitoring the
potential as the system recovers. The actual amount deposited
depended on the sample surface area, in genecral ~0.05
couloumbs/cm2 was used. Again, the potential with respect to the Li
electrode was kept above 1.0 V in order to avoid the formation of
any Li(Hg, Zn, Cd) compounds. Once the Li had been plated onto the
sample, the cell was open circuited and the recovery of the potential
with respect to Li electrode noted using a strip chart recorder. These
experiments take hours to perform compared to the many weeks
required for the long time experiments.

The same geometry was used to determine the free energy of
formation of Li,Te. The two pnase Te/Li;Te regime was accessed by
plating Li cnto the surface of pieces of Te using a current density of
~0.05 microamps per cm2 for ~10 days. The low current density was
used in order to minimize the amount of Li,Te that flakes off the
surface. After the Li was plated onto the sample, the potential with
respect to pure Li was monitored daily.

Bulk samples of Li/Te/Hg were formed by annealing the
desired amounts of pure HgTe, Li,Te and Hg. Since quartz is not
stable with respect to Li, all annealing was done in graphite crucibles,

which, in turn, were enclosed in evacuated and sealed quartz




ampoules.

Results and Discussion.

The results of experiments to determine the free energy of
formation of Li,Te are given in Fig. 3 which shows the potential
versus Li plotted against time. The presence of a plateau centered
about 1.779 volts indicates the presence of a two phase region at the
surface of the samples The increase in potential with time after the
plateau potential had been reached in one of the samples shows that,
in this sample, enough Li is present to move the surface into the one
phase Te regime. Another possibility is that there was a sudden
flaking off of the Li rich surface, which seems unlikely since the cell
had been stable for more than 10 days prior to the increase in
potential.

On the basis of these results, a value of 1779t3mV is assigned
to the potential with respect to Li of the 2 phase Te/Li,Te regime
corresponding to a value of -82.1+0.3 kcal. for the free energy of
formation of Li;Te at 25°C, in excellent agreemeni with the value
given by Mills, -82.8 15 kcal (1).

Fig. 4 shows a plot of potential versus time in days for two
CdTe/W pressed powder cells. After rising sharply, the potential
becomes approximately constant as the surface of the sample moves
into the CdTe-Cd-Li,Te three phase region (triangle 2 of Fig. 1).
However, after approaching a constant value, the potential again
begins to rise. This is unexpected since the amount of Li added to the
samples, 20 and 30%, was thought to be well outside the limit of

solubility of Li in the CdTe. Several explanations are possible for this




behavior. Li-rich materia' which flakes off during plating (observed
experimentally) is lost so that the actual amount of Li within the
sample may be significantly less than that generated coulometrically.
It was noted that when Li was plated onto samples consisting only of
pressed W powder the poientiai also increassd with time, probably
due to some side reaction occurring between the Li and the W or
some contamination on the large surface area of the pressed W
powders, or a side reaction involving the electrolyte. Ilowever, a
similar effect was observed in experiments performed with ZnTe,
except that the plateau potential was different in this case, indicating
that these potentials are related to the cample and not the W powder
which serves as a clectrical contact.

Similar long time experiments were attempted for HgTe and
HgogCdg ,Te but these cells either failed cr no piateau was observed.
The reason for this ccil behavior is currenily unknown. Because of
this, the Gibbs lice energy ot HgTe was determined using shorter
time transient measurements. The results of an experiment of this
sort are given in Fig. 5. The kink in the plot of the recovery potential
versus time is thought to be related tc the movement of the surface
of the sample towards the three phase regime, as is discussed below.
The T"kink potential” was, within experimental error, the same for
HgTe and HggsCdg ,T-.

Fig. 6 shows the .poropriate portion of the Li/Hg/Te ternary
system with the tic liner between compounds and elements greatly
exaggerated. In our transient recovery experiments, the Li is
introduc=d at a fixed potential, ~1.0 V for HgTe and 1.4 V for

HgpsCayp 2Te; these potentiale are selected to fix the surface in th:




two phase Hg-Li,Te region (point A in Fig 6) so that no Li/Hg/Cd
compounds form on the surface of the sample. After the desired
period of time, the cell circuit is opened and the potential with
respect to pure Li monitored with a voltmeter and a strip chart
recorder.

The reason for the kink in the potential during recovery is
shown with the aid of Figs. 6 and 7. The situation during plating is
indicated in Fig. 7 which schematically shows the fraction of Li in the
sample as a function of distance from the surface at several times.
Since the potential at the surface is maintained constant by the
potentiostat during charging (point A in Fig. 6), the cencentration of
Li at the sample surface is also constant as a function of time in
accord with the Nernst equation. Because the activity of all the
components 1s constant within a three phase regime and since there
is Li diffusing into the sample, there must exist a three phase front
which moves through the sample. The velocity of this front depends
on both the rate of Li diffusion through the one and two phase
regions and the rate of the solid state reaction which takes place at
the threc phase front:

HgTe +2Li ----> Hg + Li,Te (4]

The co.npocitions of the high and low Li concentrations of the front
are given by compositions A and B of Fig. 7, respectively. When the
circuit is opened, Li cortinues to diffuse into the interior of the
sample and the surface of the sampie begins to approach point B on
the border of the Hg/Li,Te/HgTe three phase region by diffusion of
Li out of the Hg and Li,Te. Since the Li diffusion coefficients are high,

the system should be reversible during this phase of the experiment,




in the sense that one could cycle between points A and B in Fig 6.
Also, while there is a large change in potential in going from point A
to point B (on the order of 600 mV), the change in composition
required is small. If the system were completely reversible, the 3
phase zone (indicated by the vertical line in Fig. 7) would eventually
move back towards the surface as Li continues to diffuse into the
semi-infinite sink of the HgTe sample. (The amount of Li added is not
expected to be outside the solubility limit of Li in HgTe.) Howevcr,

movement of the 3 phase line requires the solid state reaction:

Hg + Li,Te ----> HgTe + 2Li.
(5]

It 1s known that Li;Te can decompose at room temperature, as
shown by the increase in potential of one of the samples seen in Fig.
3. However, the formation of HgTe from Hg and Te may not occur in a
reasonable time at room temperature. Exactly what happens after the
surface has reached point B on the surface is not known. After this
point the potential appears to approach that of the Te/LiTe iriangle.
That is, the system seems to behave as is the Hg is no longer present
‘1 the system. Regardless of what happens after composition B has
been reached, it is evidenced by a change in the rate of change of
potential. This forms the kink on the potential-time curve and allows
us to determine the potential at point B. Since the potential at point B
-, in turn, the same as that in the three phase region, it is possible to
obtain the free energy of formation of HgTe. Whether or not the

system remains reversibie past point B is immaterial, so long as this
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point is identified by a variation in the rate of change of the potential
with time.

The "kink potential” was found to be independent of the rate of
recovery, except when the potential changes rapidly (for smali
amounts of Li charging) Fig.8. Only data from experiments in which
the rate of approach was slow enough, >0.1 V/hr.,, to be rate
independent was used to determine the potential at the kink
position. Taking the mean value of 1635t8 mV with respect to pure
Li gives the free energy of formation of HgTe as -6.8t1.1 kcal., in
excellent agreement with that given by Mills, -6.7t1.5 kcal. (1).

The motivation behind investigating both HgTe and
Hgo gCdp.2Te was to determine experimentally if there is any change
in the HgTe chemical potential when alloying with CdTe; as has been
suggested experimentally, see for example (8). However, as was
alreacy mentioned, little difference was found between HgTe and
Hgo.sCdo.2Te. Perhaps a longer systematic study could address this
question more accurately. However, such a study would also have to
satisfactorily deal with the problem introduced by Cd, which adds
another degree of thermodynamic freedom to the system.

It is possible that non-equilibrium effects also occur in the
longer time CdTe and ZnTe experiments and are responsible for the
increase in potential beyond the ¢’ « vregion. In this case, the
plateau potential observed should be tha:i of the three phase region,
in accord with our interpretation. The experimentally observed
plateau potentials are 1278+3mV for CdTe and 1207t6mV for ZnTec.
Using these values and the free energy of formation obtained for

Li,Te determined earlier leads to values for the free energies of
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formation of CdTe and ZnTe of -23.210.6 kcal. and -26.4£0.9 kcal.
respectively. As can be seen from Tablel, these results are in good
(CdTe) or reasonable (ZnTe) agreement with those found in the Mills

Handbook (1).

Summary and Conclusions.

In summary, new data is presented on the room temperature
free energies of formation of HgTe, CdTe, ZnTe and Li;Te. The new
technique developed uses Li as a electrochemical probe and offers
kinetic advantages which make room temperature experiments
possible in reasonable times. Problems arising from irreversibility
can be overcome through an understanding of what is happening
during the recovery process. This approach has the potential to be
used on a whole range of binary chalcogenide materials to relatively
quickly determine accurate thermodynamic data on this increasingly

important class of materials.
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Table 1. A summary of the results obtained in this study and those

given elsewhere.

Fig. 1. The Li/Cd/Te ternary phase diagram with the Cd/Li
compounds not shown fcr clarity. No evidence was found in this work
of ternary phases in triangles 1 and 2. In accord with the Gibbs phase
rule the chemical potentials of the elements are constant in these
ternary tie triangles, and the potential of Li with respect to pure Li

can be measured by an electrochemical cell.

Fig. 2. The electrochemical cell geometry used in long time
experiments investigating CdTe and ZnTe. The sample was pressed
into the stainless steel container together with powdered W in order
to provide electrical contact to the highly resistive samples and to

prevent excess flaking of Li rich material during Li deposition.

Fig. 3. The results of 4 experiments in which Li was plated onto Te
and tha potential with respect to pure Li then monitored as a
function of time. The "0" of time represents the beginning of

monitoring, which started several days after the Li was plated.

Fig. 4. The results of two experiments in which the . potential
with respect to pure Li was monitored with time after 20 and 30% Li
had been plated onto the CdTe/W electrode. The "0" in time
represents the beginning of monitoring which commenced about 10

days after plating.




Fig. 5. The shape of a typical potential versus time curve in the
region of the kink potential. In all short time experiments using HgTe

or Hgo gCdp 2Te a similar kink was observed.

Fig. 6. This figure shows the portion of the Hg/Li/Te phase
diagram relevant to short time experiments. The width of the tie
lines to different phased has been exaggerated for the purpose of
illustration. Point A gives the composition at the surface of the
sample during plating of Li. Under these conditions only Hg and Li,Te
ars stable at the surface. When the cell is open-circuited, Li
continues to diffuse in and the overall composition at the surface
moves to point B on the border of the Hg/HgTe/LiaTe ternary tie
triangle. The potential measured at point B is the same as that
within the tie triangle. Point C represents the Li poor limit of the
Hg/HgTe/LixTe ternary tie triangle along a line joining HgTe and Li.
If the system is completely reversible then the composition at the
surface of the sample will move back and forth along this line as Li

is plated onto, and removed from the surface.




Fig. 7. A schematic of the situation during plating of Li at
different times. The compcsition at the surface is fixed since the
potential with respect to pure Li is maintained constant by the
potentiostat. The compositions A, B and C are those given in Fig. 6.
The potential must remain constant within three phase regions
giving rise to a three phase front (B-C) which moves into the
sample as Li indiffuses. The rate of movement of the front is a
function of the rates of Li diffusion in the two (A-B) and one phase
regions and the rate of the solid state reaction:
2 Li + HgTe —--> LizTe + Hg

Fig. 8. The dependence of the value of the kink potential on the
rate of change of potential, the samples in this case being
Hgo.sCdo.2Te. For higher rates there is a strong dependence of the
potential observed, however, for low rates the kink potential is
independent of the rate of change. The reason for the strong effect at
higher rates is unknown, only data from experiments in the rate

independent regime was used to determine free energies of reaction.




Table 1

Free energy of Formation (kcal.)
Material This Study Barin Zabdyr
Li, Te -82.120.3 | -82.915 -
HgTe -68 1.1 | -67 £1.5 -
CdTe -23.2206 | -23.720.3 | -23.720.1
ZnTe -26.4209 | -27.520.2 | -27.5120.2

Table 1. A summary of the results obtained in this study
and those given elsewhere.
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Appendix I:

interdiffusion behavior of HgTe-CdTe junctions

Mei-Fan S. Tang and David A. Stavenson

Department of Materials Science and Engineerivg, Stanford Un:versity, Stanford, California 94305
(Received 12 December 1986; accepted for publication 3 March 1987)

Interdiffusion coefficients (D) were measured from 600 to 300 °C for HgTe-CdTe diffusion
couples. The influence of the binary composition, temperature, and Hg overpressure ca D has
been established. Significant differences have been found in the behavior of D in two
wepiiature regions. A dual mechanism is proposed for diffusion at higher temperatures
(T5450°C), with a vacancy mechanism and an interstitial m.echanism dominating at low and
high x value regions, respectively, and an interstitial mechanism predominating at lower
temperatures. The proposed model is confirmed by electrical property, tracer diffusion, and
theoretical studies, and provides a basis for predicting the interdiffusion behavior at even jower

temperstures.

The Hg, _,Cd, Te (MCT) quasi-binary alloy is an at-
tractive long wavelength matenal, since its band gap can be
tuned by varying the alloy composition. Interdiffusion in
MCT is of interest because of its relevance to the sharpness of
junctions in epitaxial films and to the stability in HgTe-CdTe
superlattices.! The currently available information on inter-
diffusion in this system is limited for the lower tempera-
tures'™ where epitaxial layers and superlattices are grown.?
An x-ray method has been used to obtain D at lower tem-
peratures by analyzing the decay of the intensities of satellite
peaks while the molecular beam epitaxial {(MBE ) grown su.-
perlattices were annealed.® The calculations in this method
assume that D is independent of x, whereas the present ex-
perimental information shows a strong x dependence. The
currently available low-temperature self-diffusion data are
difficult to apply for interdiffusion, because the mechanism
associated with each of the multiple branches in the tracer
concentration profiles is not resolved.”® In the presen: pa-
per, we describe a study of the interdiffusion behavior as a
function of temperature, composition, and ambient Hg
overpressure, with particular emphasis on the lower tem-
perature region.

A conventional junction was made by clamping
HgTe-CdTesingle crystals together with a quartz spring. To
provide a well defined vapor environment and to establish an
adequate junction for interdiffusion, either Hg-saturated or
Te-saturated HgTe powder was placed around the diffusion
couple in a quartz ampoule. The ampoule was then evacuat-
ed and sealed. The annealing temperatures ranged from 300
to 600 °C. After an appropriate annealing time (long enough
to establish an interdiffused region of at least 20 um), the
diffusion couple was removed from the ampoule, mounted,
and angle lapped. The interdiffusion coefficients (D) were
obtained by a Boltzmann-Matano analysis of :he composi-
tion profiles, which were determined by electron microprobe
analysis using a JEOL 732 Superprobe. Before each profile
wos Jetsrmined, the elcstron beam was stabilized and the
system calibrated using HgS, Cd, and Te standards. The
oftware program was set 157 a standard deviztion of 0 €07
and with this procedure, the reproducibility was 1% of the
concentration in question. This was confirmed by analyzing
single crystais of Cd’i e. The electron beam was 20 keV, with
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a stability greater than 0.2%; at this beam energy, the pene-
tration depth (>90% of the emitted x ray) was 5000 A, so
that the penetration depth does not seriously perturb the
profiles obtained with the angle lapping method. A 0.1-um
concentration resolution can be achieved by using a 1.75°
angle lapping and 3 um stepping.

A piot of the log D vs x is shown in Fig. 1 for both Hg-
rich and Te-rich conditions. The activation energy (AEa)
for each x value is obtzined from the slope of in D vs 1/k7,
with AEg values given in Table I for each x and Hg overpres-
sure condition. The dependence of activation energy on x
was determined by evaluating (d In D /6x)k7, and the re-
sults are listed in Table II.

These results show a strong dependence of Don xand 7T,
but not on P,,,, at T>450°C; for x<0.5, D is expressed as
D(x,T) = 1.0 exp — (1.53 + 0.51x/kT), with the activa-
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TABLE | Activation energy (eV) for different x values and Hg overpres-
sure 1n WO temperature regions.

Temperature
region x Te-rich Hg-nch
T5450°C 0.1 1.53 1.78
0.2 1.6 1.74
0.} 1.70 1.80
04 L7 184
0.5 1.82 1.83
0.6 1.713 1.81
07 1.70 1.63
08 1.68 1.54
09 1.60 147
300400 °C 0.7 0.92 0.74
08 0954 0.67
09 081 0.56

tion energy increasing linearly with increasing x. Forx > 0.5,
AEa decreases slightly and there are differences in AEa for
Hg-saturated and Te-saturated conditions {Table I). The
behavior of D for T<400 °C shows the following trends with
decreasing temperature: (i) the activation energy decreases,
(ii) the composition dependence of D decreases, and (iii) D
depends on the ambient Hg overpressure. These changes are
more pronounced in the higher x value region, and extend to
the lower x value region as temperature decreases. Since the
x dependence of D changes continuously as the temperature
decreases, there is no simple expression for D for tempera-
tures below 450 °C.

For the quasi-binary Hg, _, Cd, Te system, the interdif-
fusion coefficient (D) is related to the cation intrinsic chemi-
cal diffusion coefficients (D, ), namely, Dy, and D¢,, by the
Darken equation®: D = Dy, x + D, (1 — x), where D, is a
defect density-defect diffusivity product. The exponential
dependence of D on x at higher temperatures (75450 °C)
requires two conditions: D = D,,, = D,"®; and the defect
concentration is an exponential function of x. The latter con-
dition arises from the enthalpy of formation of cation defects
being a linear function of x, which arises mainly from the
linear dependence of Eg on x. If 8 simple vacancy mecha-
nism for interdiffusion is assumed and information on the x
dependence of defect concentration is obtained from existing

TABLE Il x dependence of AEa for different temperatures, Hg overpres-
sure and x value regions.

Temperature
region Range of x Te-rich Hg-nch
600 °C 0.1->07 0.51 052
$%0°C 01->07 0.51 049
500 *C 01->07 0.50 049
450°C 0.1->07 0 st 047
07->09 015 013
400 °C 0.1->06 0.58(0.1-5>0%) 0 %0
0.7->09 0.25(0.6->09) 01s
3%0°C 01->05 045(02->04) 049
06->09 0.26(0.6->0.8) 012
300°C 02->C" 0.16 0139
06->08 0.1} 000
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theoretical calculations'® and experimental Hall measure-
ments''-"? (Fig. 2), the predicted x dependence ( ~0.78) is
higher than is observed (~0.5) (Table II). The vacancy
mechanism would .also imply a strong dependence of D on
Hg overpressure, in contrast to the observed behavior. The
insensitivity of D to Py, i3 consistent with a dual vacancy-
interstitial mechanism for interdiffusion. The x dependence
of D implies that the concentration of interstitial species is
less x dependent than vacancy species.

The observed trends in D and the corresponding AEa
values with x, 7, and stoichiometry (metal-rich versus Te-
rich) can be explained by the following model: (i) both in-
terstitial and vacancy metal species may participate in the
metal diffusion process, and one or the other may dominate
in different temperature and x value regions, depending on
the concentration-mobility product; (ii) vacancy species
have s lower formation enthalpy in the lower x value region
and a lower mobility than interstitial species in general; (iii)
at higher temperatures, the mobility is not a dominant factor
determining the diffusion, and the concentration of vacancy
species is higher than interstitial species for lower x values;
(iv) interstitial species have a lower activation energy for
motion, thus, at lower temperatures, when their concentra-
tion is sufficiently high, interstitial species will dominate;
and (v) the metal vacancy concentration decreases more
rapidly than the metal interstitial concentration with in-
creasing x value, leading to a dominance of interstitials at
higher x values.

This model is supported by electrical measurements
(Fig. 2) which show that vacancies are dominant defects at
T5450 °C for both Hg-rich and Te-rich conditions for lower
x values''"** (x < 0.5), and by the theoretical calculations of
Morgan-Pond and Raghavan,'® which indicate that Cd in-
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FIG. 2. Defect concentration v8 x for different temperatures and Hg
overpressure.
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terstitials are a dominant metal defect in CdTe even for Te-
saturated conditions. Furthermore, tracer diffusion studies
of x = 0.2 MCT indicate that Hg diffuses by both vacancy
and interstitial m=chanisms,® and most tracer diffusion stud-
ies for CdTe suggest that Cd mcves by a vacancy-interstitial
complex, consistent with the observea independence on Cd
overpressure.'*"?

For T>450°C, from x = 0.1 t0 0.5, diffusion proceeds
dominantly via a vacancy mechanism with AEg increasing
with x in accord with the increasing vacancy formation ener-
gY. As x increases further from 0.6 to 0.9, AEa decreases
(Table I) in accord with an increased contribution of an
interstitial mechanism. This explains the trend that AEa is
higher for Hg-saturated conditions than for Te-saturated
condit.ons in th ¢ low s r valus region, whereas AEa is lower
for Hg-saturated conditions than for Te-saturated condi-
tions in the higher x value region.

Both electrical measurements'® and theoretical calcula-
tions'® show an increase in metal interstitial concentration
with decreasing temperature below 450 °C, and interstitials
may be higher than metal vacancies at larger x values. In
addition, the observed AEa value for x = 0.9 for Hg-satu-
rated conditions is 0.56 eV (Table I), which is close to AEa
for Hg interstitials in x = 0.2 MCT obtained from seif-diffu-
sion studies.® The interstitial mechanism is relatively more
important in the higher x value regions, and extends to the
lower x value regions as the temperature decreases. The in-
creased importance of the interstitial mechanism explains
the observed changes in D below 450 °C, since the interstitial
mechanism has a lower activation energy and is less x depen-
dent than is the vacancy mechanism. Meanwhile, as expect-
ed, D for Hg-saturated conditions is higher than D for Te-
saturated conditions, and the difference of D between two
Hg overpressure conditions is larger for lower temperatures
and larger x values.

The dominant interstitial mechanism for higher x val-
ues provides a basis for extrapolating D values to tempera-
tures below 300 °C, whereas for low x values, one needs in-
formation on defect concentrations for that region.
Recently, D values have been obtained for HgTe-CdTe su-
perlattices using x-ray methods, assuming Dis independent
of x.® Since our results indicate that the dependence of Don x
decreases as temperature decreases below 450 °C, assuming
D tobe constant at 185 °C may be reasonable. The first Four-
ier component diffusion coefficient D( + 1) for the sample
annealed under He ambient at 185°C is close to our
D(x = 0.9) for Te-rich conditions, and the activation ener-
gies of D( + m) for 1<m<3 are close to our AEa for higher
x values. This indicates an interstitial mechanism becomes
dominant for all the x values at temperatures below 300 *C.

In summary, the interdiffusion coefficients for

1274 Appl Phys Lett Vol 50 No 18. 4 May 1987

HgTe-CdTe couples have been measured from 300 to 600 °C
for both Hg-rich and Te-rich conditions using an angle lap-
ping method. There is a significant difference in diffusion
behavior above and below 450 °C; at lower temperatures,
there is a lower activation energy, less dependence on x, and
a dependence on stoichometry. Extrapolation of high-tem-
perature diffusion data (>450°C) to lower temperatures
would predict D values that are too low. Referring to our
results and information on the dominant defects in the MCT
described in the literature leads to several conclusions: (1)
the exponential dependence of D on x in the higher tempera-
ture region arises from identical intrinsic diffusion coeffi-
cients for both cations along with an enthalpy of defect for-
mation which depends linearly on x; (ii) interdiffusion
proceeds by a dual mechanism at 75450 °C with a vacancy
and arn interstitial dominant in regions of lower x and higher
x values, respectively, resulting in D being relatively insensi-
tive to the Hg overpressures; and (iii) as temperature de-
creases below 450 *C, the interstitial mechanism increases in
importance, with an increase in D,a eorresponding decrease
in the x dependence, and an increase in Hg overpressure
dependence, especially at higher x values. The defect model
provides a basis for understanding the trends in D at the
lower temperatures. With appropriate assumptions, extra-
polation of our data to lower temperatures gives good agree-
ment with D obtained by x-ray studies of HgTe-CdTe super-
lattices grown by MBE.
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this work. This work is sponsored by Defense Advanced R--
search Projects Agency through Office of Naval Research.
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Interdiffusion and related defect mechanisms in the HgTe-CdTe system
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Interdiffusion coefficients (D) were measured from 300 to 600°C using an angle iapping
technique and electron microprobe analysis. The influence of the binary composition,
temperature, and Hg overpressure was studied. There is a significant difference in the behavior of
Dinthe higher and lower temperature regions. At higher temperatures (75450 °C), Dis a strong
function of composition and temperature and is insensitive to the Hg overpressure. At lower
temperatures (7 <450 °C), we observe the following trends with decreasing temperature: (i) the
activation energy decreases, (ii) D is less dependent on X (X is the CdTe mole fraction ), and (iii)
D depends on Hg overpressure. Based on an analysis of our interdiffusion data, we propose a dual
mechanism for higher temperatures with a vacancy and an interstitial mechanism dominating at
low and high X values, respectively, and an interstitial mechanism at lower temperstures.

I. INTRODUCTION

TheHg, _,Cd, Te (MCT) quasibinary alloy is an attractive
long-wavelength material since the band gap of MCT can be
tuned by varying the alloy composition. Adjusting the layer
thicknesses in HgTe-CdTe superlattices accomplishes the
sarae goal and may be easier to control than varying the alloy
composition.' Interdiffusion in the HgTe-CdTe pseudobin-
ary system is of interest because it is relevant to the sharpness
of junctions in both epitaxial films and HgTe~CdTe super-
lattices, and to the effectiveness of CdTe capping layers. The
currently available experimentsl information on interdiffu-
sion in this system is for higher temperatures (>450°C),**
and there is only limited information at lower temperatures
where epitaxial layers and superiattices are grown.’
HgTe-CdTe superlattices were first made with the molec-
ular-beam epitaxy (MBE) technique by Faurie e al.* The
measured band gap appeared to be larger than predicted by
theory,” which may arise from the interdiffusion between
HgTe and CdTe during the growth at ~ 200 °C. Calculation
using D values extrapolated from higher temperatures un-
derestimated the apparent intermixing.'® The interdiffusion
in superlattices has been evaluated with x-ray methods at
low temperature,'' but it was necessary to assume that D is
independent of composition, although the present literature
indicates a strong dependence on composition.? Junction
profiles of epilayers grown by other low-temperature tech-
niques (e.g., metal-organic chemical vapor deposition) are
also influenced by interdiffusion behavior in the lower-tem-
perature region. To estimate D from currently available low-
temperature self-diffusion data is difficult because there are
multiple branches in self-diffusion profiles'’-'* and it is not
clear which branch is appropriate for D. In the present pa-
per, we present results of studies of the interdiffusion of
HgTe/CdTe junctions to determine the influence of tem-
perature, compositicn, and ambient Hg pressure. These
methods are effective to determine D values as low as 107 ¢
cm?/s at 300 °C We have analyzed the diffusion results and
express D in an Arrhenius form: (D = D, exp( ~ AE,/
kT)] with an activation energy (AE,) dependent on X,
(AE, =a + bX). We have observed a significant difference
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in the behavior of D in the different temperature regions. Itis
therefore inappropriate to extrapolate diffusion data above
450 °C to lower temperatures. Based on our results and in-
formation in the literature on defects in MCT,'®?' we pro-
pose a dual mechanism for interdiffusion at 75450 °C: there
are contributions from both vacancies and interstitials, with
vacancies more important in the lower X value region, and
interstitials, with a lower activation energy and a lower XY
dependence, in the higher X value regions. The interstitial
mechanism becomes increasingly important with decreasing
temperature. Our proposed model provides s basis for esti-
mating interdiffusion behavior at temperatures below
300 °C.

. EXPERIMENTAL METHODS

A conventicaal diffusion junction was made by clamping
HgTe-CdTe single crystals with a quartz spring [Fig.
1(a)]. A defined vapor ambient was provided by adding
either Hg-saturated or Te-saturated HgTe powder around
the diffusion couple in a quartz ampoule, which was evacuat-
ed and sealed [Fig. 1(b)]. After anncaling at the selected
temperatures (300600 °C), the diffusion couple was re-
moved from the ampoule, mounted, and angle lapped. The
interdiffusion coefficients (D) were obtained by an im-
proved Boltzmann-Matano analysis® of the composition
profiles which were determined by electron microprobe
analysis.

The microprobe used was a JEOL 733 Superprobe. Before
each profile was determined, the electron beam was stabi-
lized and the system calibrated using HgS, Cd, and Te stan-
dards. The software program was set for a standard devi-
ation of 0.5% and, with this procedure, the reproducibility
was 1% of the concentration in question. This was con-
firmed by analyzing single crystals of CdTe. The electron
beam was 20 keV, with a stability greater than 0.29;. At this
beam energy, the penetration depth ( »>90% of the emitted x
rays) was <5000 A, therefore, the penetration depth does
not seriously perturb the profiles obtained with the angle
lapping method. The lapping angles varied for each sample.

® 1987 American Vecuum Soclety 124
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L J
(a) d

F1G. 1. Experimental ar-
rangement for interdiffu-
sion. (a) a: CdTe single
crysul, bc: HgTe single
crystals, d: quartz spring.
(b) a: 1 zone fumace, b:
thermal mass, c: quartz am-
poule, d: HgTe powder, ¢:
diffusion couple.

. ]

(b)

and several stepping distances in the microprobe analysis
were used to obtain the most reliable resolution. For exam-
ple, a 3*angle lap with a S-um step in the probe analysis gives
a 0.26-um concentration resolution, which is accurate
enough for the ~20wum interdiffusion region established
after long anneals at the lower temperatures.

ill. RESULTS

A plot of the logarithm of the interdiffusion coefficient
(D) versus composition (X) for both Hg-rich and Te-rich
conditions is shown in Fig. 2. Our data for higher tempera-
ture regions are consistent with those of Leute er al.
(500<T<600°C).* The data from Bailly er al?
(400 T< 600 °C) were converted to the same units and are
shown in Fig. 2. Their D vzlues were generally lower than
ours in the higher-temperature regions, whereas at 400 °C,
their results agree with ours at lower X values but are higher
than ours at higher X values. This may be caused by a de-
crease in the resolution at the higher X values where the
concentration gradient is larger. Their paper did not give
details of the microprobe analysis nor of methods to control
the component vapor pressure. Since D is an exponential
function of X, we express D as D = D, exp( — AE, /kT),
with an X-dependent AE, (AE, = a + bX). The activation
energy (AE, ) for each X value was obtained from the slope
ofIn Dvs 1/kT and values are listed in Table I for each X and
Hg overpressure condition, with an estimated accuracy of
5% . The composition (X)-dependent term in the activation
energy (b) for each temperature is obtained from calculat-
ing (d1n D /80X kT, and the results are listed in Table I1.

There is a strong dependence of D on X and 7 but not on
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o Te Rich
+ Hg Rich
+ Bailly et al.

D (cm? Isec)

1.0“'1".4'441

01 02 03 04 05 06 07 08 09

X VALUE IN Hg ,CdyTe

FIG. 2. D vs X for different temperatures and Hg overpressure. Solid lines
are through the Hg-rich pointa.

the ambient vapor pressure for 75450 °C, and D can be ex-
pressed as D(X,7) = 1.0 exp[ — (1.53 + 0.51X)/kT] for
X<0.5. For X> 0.5, AE, decreases slightly for both Hg-rich
and Te-rich conditions and there are differences in AE, for
Hg-rich and Te-rich conditions.

For T<400 *C, the following trends are observed with de-
creasing temperature: (i) the activation energy decreases,
(ii) the composition dependence of D decreases, and (iii) D
depends on the ambient Hg vapor pressure. These changes
are more pronounced for higher X values, and extend to the
lower X values as the temperature decreases. There is no

TasrLe L. Activation energy (eV) for different X values and Hg overpres-
sure in two temperature regions.

Tempersture
region X Te-nch Hg-nch
T5>430°C 0.1 1.53 1.75
0.2 163 1.74
03 1.70 1 80
0.4 177 1.84
0. 182 183
0.6 .73 1.81
07 1.70 1.6
0% 168 154
09 1.60 147
300400 *C 0.7 092 074
o8 094 067
0.9 0.81 0.56
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Taste 11. X dependence of AE, for different temperatures, Hg overpres-
sure. and X value regions

Temperature
region

<) Range of X Te-rich Hg-nch

600 0.1-0.7 0.51 0.52

550 0107 081 0.49

300 0.1-0.7 0.50 0.49

450 0.1-07 0.5t 0.47
07-09 018 0.13

400 0.1-0.6 0.58(0.1-0.5) 0.50
0.7-0.9 0.25(0.6-0.9) 018

350 0.1-0.5 0.45(0.2-0.4) 0.49
0.6-0.9 0.26(0.6-0.3) 0.12

300 0.2-0.4 0.16 0.39
0.6-0.3 0.13 0.00

simple analytical exprﬁsion for D for the low-temperature
region.

IV. DISCUSSION

In Sec. IV A, we describe a mechanism to explain the in-
sensitivity of D tothe Py, and the exponential dependence of
Don X at T5450°C, and then explain the changes of D below
450 °C by a change in mechanism. In Sec. IV B, we extrapo-
late our results to temperatures below 300 *C and compare
with the D values measured by x-ray methods."'

A. Defect mechanism

A study of the dependence ¢! diffusion coefficients on the
component vapor pressure provides information on the de-
fect mechanism for diffusion. In a pseudobinary system, it is
necessary to define two-component vapor pressures in order
to provide s reproducible diffusion ambient. Controlling
solely the Hg overpressure, which has the highest vapor
" pressure in the system,> is sufficiently accurate for tracer
diffusion studies'? and makes the study through the whole
stoichiometry region possible. It was found by experience
that some Te in the vapor is needed to establish an adequate
junction for diffusion, otherwise a Hg liquid film remains at
the junction and prevents a proper diffusion bond. There-
fore, we use either a Te-saturated or Hg-saturated HgTe
powder to establish the ambient vapor pressure for interdif-
fusion studies. Although we measure D under these two con-
ditions, the Te-saturated or Hg-saturated condition for
HgTe(X = 0.0) does not correspond t0 the Te-saturated
condition or Hg-saturated condition for all the X values
which appear during interdiffusion. Since these saturation
pressures depend on X, it is not possible to establish local
saturation conditions for the whole range of stoichiometry;
however, it is possible to relate D to D ®, the tracer diffusion
coefficients.?* Further information and insight on the X de-
pendence of D and the independence of D on P, for
T5450°C is presented by deriving D for pseudobinary sys-
tems using the fundamental relations between respective dif-
fusion coefficients.

The Darken equation D(X) = (D, X + D,(1 — X)),
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whizh relates the interdiffusion coefficient (D) to the com.
ponent intnnsic chemical diffusion coefficients D, (D, .Dy),
is the same for a binary and a pseudobinary system
A, _.B,C.** However, inrelating D tothe D * values, there
are additional constraints that arise from the preservation of
stoichiometry and the Gibbs-Duhem equation and the re.
sulting equations differ from the Darken equation for a bina-
ry system. The derivation shows that D = D, = D, if the
nonmetal (C) moves more slowly than the metal compo-
nents (A,B), and D will be very close to the seif-diffusion
coefficient (D *) of the slower metal component.?

Referring to tracer diffusion studies for X = 0.2 MCT,"'* it
was observed that D= D 2,. The assumption that Te moves
relatively slowly is consistent with tracer diffusion studies'’
and with marker experiments.”® Our interdiffusion experi-
ments are performed for Hg-saturated or Te-saturated con-
ditions, and the insensitivity of D to P, in those two condi-
tions may result from interstitials in Hg-saturated
conditions diffusing as fast as vacancies diffusing in Te-satu-
rated conditions. However, the tracer diffusion coefficient of
Cd is independent of P, through the whole stoichiometry
range,'*andsince D= D &,, Disindependent of P, over the
whole stoichiometry range. This behavior is consistent with
a vacancy-interstitial complex as the dominant mobile spe-
cies.

Further insight into the defect mechanism can be obtained
by exploring the relationship of D to the intninsic chemical
and tracer diffusion coefficients. As mentioned in the pre-
vious paragraph, for the present system, with D, <D3},.
one can show that'** D=D, =D, ~D¢, with
D3y, > D2, . Onecanreiate the tracer diffusion coefficient to
a product of defect diffusivity D, and defect concentration
(d]. The available information on the Hg tracer diffusion
studies for both X = 0.0,'>2¢ and 0.2,'*'* and the defect con-
centrations (mainly vacancy),'”!® implies that the D, de-
pendence on composition is negligible. Since {d] depends on
the formation energy (AE,) according to the expression
[d) =d, exp( — AE,/kT), a linear dependence of AE, on
composition X produces a linear dependence of AE, on X,
and D will depend exponentially on X.

The following provides insight into the X dependence of
AE,. To analyze the defect formation energy, we assume
that the ionized defects are dominant for an ionic semicon-
ductor MCT. The formation energy of doubly charged ca-
tion vacancies is'®

AE,(V?)=A8H,, - QE, -E,. ~E,.).

where AH . is the neutral cation vacancy formation enthal-
py. E is the self-consistent Fermi energy, E Ve is the first
ionization energy level of cation vacancies, and E, . is the
second ionization energy level of cation vacancies. (E,.E, .
and E, . are referenced to valence-band edge.) Taking val-
ues of A:Hy. for CdTe and for X = 0.2,'* and using E, values
from lhcor)"“" and the E,,; and E,. values at 300 K from the

literature,?”** we obtain AE (V) = 0.44 + 0.88X (eV).
The X dependenceof AE, islarger than our X dependence of
AE, in the higher temperature region (Table II).

—
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Using the currently available electrical data for hole con-
centrations (0) forX =00, X =02,""and X =0.4'anda
theoretical calculation'® for X = 1.0, and assuming that
p=2[V ] theslopeofin[ ¥ ] vs X (Fig. 3)is ~0.78 in
the high-temperature region. Thus, a pure vacancy mecha-
nism predicts a higher X' dependence of D than is observed.
Either 8 pure vacancy mechanism or a pure interstitial
mechanism would also imply a strong dependence of D on
P, which is contrary to our results, thus, a dual vacancy-
interstitial mechanism is appropriate.

Tracer diffusion studies for X' = 0.2 MCT indicate that
Hg diffuses by both a vacancy and an interstitial mecha-
nism,'? and most tracer diffusion studies for Cd in CdTe
indicate that Cd moves by a vacancy-interstitial complex
and is independent of Cd overpressure.®*° Therefore, it is
reasonable that HgTe and CdTe interdiffuse by a dual mech-
anism involving both vacancies and interstitials with the in-
terstinal concentration less dependent on X than the vacancy
concentration.

The dominant native electncally active defects influenc-
ing the electncal properties are metal vacancies in both Hg-
nch and Te-nch conditions for the low X value region
(X <0.5)at T5450°C (Fig. 3). According to calculations of
Morgan-Pond and Raghavan,'® metal interstitials are he
dominant defects on the metal sublattice in CdTe, evenina
Te-saturated condition. The observed increase in AE, as X
increases from 0.1 to 0.5, and decrease as X increases from
0 61t0 0.9 (Table I) for both ambient conditions may anse
from the increased importance of vacancies in the low X
value repons and interstitials, with a lower acuvation energy
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x=® Strauss & Brebrick
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FiG 3 Defect concentration vs x for different temperatures and Hg
overpressure
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in the high X value regions. This explains the trends in AE,
with Py, : at low X values, 4E, 1s higher for Hg-rich cond-
tons than for Te-rich conditions, but for X50.5, AE, 15 low -
er for Hg-rich conditions than for Te-nich conditions.

There is evidence that the interstitial mechanism becomes
more important for temperatures below 450 °C, especially
for higher X values. Nishizawa and Suto reported Hall mea-
surements for X = 0.0 and X = 0.2 from 350 10 450 °C with
different magnetic fields and resolved the n and p values
under different Hg overpressure conditions.? Their results
show that at lower temperaturss (350 °C), n increases to be
comparable to p, and # is higher than p for X = 0.2 in Hg-
rich conditions (Fig. 3). From Nishizawa and Suto's data at
350 °C, we calculate the slope of In(n) va In(py, ) to be 1,
which is consistent with a charged cation interstitial donor
defect. In addition, for X == 1.0, the ionized cadmium inter-
stitial concentration is higher than the ionized vacancy con-
centration, with the difference increasing as the temperature
decreases'® (Fig. 3). For Hg-saturated conditions at lower
temperatures, AE, is 0.56 eV for X = 0.9, which is close to
the AE, value for Hg interstitials in X = 0.2 MCT obtain=d
from tracer diffusion studies.'*'* Thus, electrical measure-
ments, theoretical calculations, and tracer studies all indi-
cate an increased importance of interstitial defects with de-
creasing temperature.

An increased importance of metal interstitial species also
explains the observed trends for D with temperatures de-
creasing below 450 °C. The decrease in the activation energy
is consistent with the lower activation energy of an intersti-
tial mechanism. Furthermore, 8 decrease in the dependence
of D on X is consistent with a less X-dependent defect species.
Although, there is currently no information for the depen-
dence of interstitial concentrations on X, the behavior of D at
higher temperatures (75450°C) implies that interstitial
species depend less on X than vacancy species, as mentioned
previously. The increase in the A’ dependence of the vacancy
concentration with decreasing temperature (Fig. 3) and the
observed decrease in the X' dependence of D is consistent
with an increased importance of metal interstitial species.
Finally, D values are higher for Hg-rich conditions than for
Te-nich conditions, and the difference of D between the two
ambient conditions is larger for lower temperatures and larg-
er X values; this is expected for lower temperatures where
cation interstitial defects are more important. Since the X
dependence of D changes continuously at different X values
as temperature decreases, D cannot be expressed in a simple
form for temperatures below 450 °C.

8. Extrapoiation to lower temperatures

Extrapolation of our current results to lower tempera-
tures requires a knowledge of defect concentrations for the
lower X value region. For the higher X value region, we can
reliably extrapolate based on the dominance of the interst:-
tial mechanism at higher X values and lower temperatures
Most electrical measurements®' =" for bulk matenal indicate
that Hg, _,Cd, Te with 0.12 <X <022 15 n type beiow
260 °C in Te-saturated condiions for the lower X value re-
gion. Thisimphies that metal interstitials are dominant, butt
does not rule out a possible role for vacancies
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If we assume that irterdiffusion proceeds by a dual mech-
anism at lower temperatures for the lower X value region and
an interstitial mechanism for the higher X value region and
extrapolate « data to 185°C, we obtain
D(X=02)=2x:9"" c¢m¥/s and DX =09)

= 6X 10~ '* cm?/s for Te-rich conditions. Staudenmann er
al. obtained D values by analyzing the intensities of satellite
peaks obtained from x-ray diffraction of the superlattices.'!
The decay of the mth satellite peak ( 1st, 2nd, 3rd, etc.) was
associated with a mth Fourier component of the diffusion
coefficient, D( + m), assuming that D is independent of
composition.'! Since our results indicate that the depen-
dence of D on X decreases with decreasing temperature be-
low 450 °C, it may be reasonable to assume a constant D at
185 °C. Their results do show different D values for different
orders (m) of diffraction, indicating some dependence of D
on concentration. Their results show that the D( + 1) valve
for HgTe—CdTe superlattices annealed under He ambient
and st 185°C ‘3.1x10™'" cm¥/s) is close to our
D(X = 0.9) for Te-rich conditions, and is between our val-
ues of D at X = 0.2 and 0.9, and the activation energies of
D(+m)form=12,3(09,0.72, and 0.51 eV, respective-
ly) are close to our AE, for high X value region. This agrees
with our prediction of an increased importance for intersti-
tial species at lower temperatures.

V. CONCLUSION

Conventional HgTe-CdTe diffusion couples with angle
lapping techniques were used to measure D for temperatures
from 300 to 500 °C. The temperature, composition, and Hg
overpressure dependence of D was determined for different
temperature and composition regions, and the results were
analyzed using proposed defect models. Referring to infor-
mation in the literature on defect concentrations, we con-
clude that (i) the exponential dependence of D on X in the
higher-temperature region is due to a combination of identi-
cal values for the intrinsic diffusion coefficients for both ca-
tions and a linear dependence of defect formation energy on
X; (ii) at temperatures higher than 450 °C, HgTe and CdTe
interdiffuse by a dual mechanism, with vacancy and intersti-
tial diffusion more dominant at low and high X value re-
gions, respectively, and with D relatively insensitive to the
Hg overpressure; and (iii) as temperature decreases below
450 °C, the interstitial mechanism increases in importance,
as evidenced by lower activation energy, decreased depen-
dence of D on X, and increased dependence of D on the Hg
overpressure, especially in the higher X value regions. Our
model provides a basis for understanding the trends in D at
the lower temperatures. With apprupriate assumptions, our
data are extrapolated to the MBE growth temperatures and
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give good agreement with D values obtained by x-ray meth-
ods.
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Appendix J:

Mechanisms of component diffusion in mercury cadmium telluride
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The component diffusion coefficients for the Hg, s Cdy ; Te (MCT) system are measured using
radioactive tracers. Multiple branches are observed in the tracer diffusion profiles which are
related to fast and slow-diffusing components. Diffusion models for each component are
proposed based on the defect chemistry of MCT, a calculation of the thermodynamic factor, and
the relationship between component diffusion coefficients and the interdiffusion coefficients for
pscudobinary systems. The model provides insight into the thermodynamic properties of the
system, the mechanisms for diffusion, and the practical application of tracer diffusion data to

interdiffusion and p-to-n conversion by Hg annealing.

I. INTRODUCTION

Different types of diffusion coefficients have different practi-
cal and theoretical interest: the dependence of the self-diffu-
sion coefficients (D *) on stoichiometry and temperature is
important for determining diffusion mechanisms; the intrin-
sic (chemical) diffusion coefficient (D, ) is important in esti-
mating and controlling the stoichiometry of the crystal; and
the interdiffusion behavior is important for determining pro-
files of junctions between epilayers and the substrate, and in
predicting the stabihity of superlattices.

The information on the component diffusion coefficient
for Hg, _,Cd, Te in the literature'='® is not consistent (in
particular, for x = 0.2). Much of the inconsistency anses
from imprecise definitions of diffusion coefficients and in-
complete control and definition of the diffusion source and
ambient. Using the defect chemistry models described by
Kroger,'' diffusion-pressure isotherms (log D * vs log Py, )
can be used to establish the defect mechanism responsible for
diffusion. Radiotracer diffusion techniques provide the self-
diffusion coefficients under isoconcentration conditions,
and there are convenient tracers for all three components.
However, the information is complicated by the complex
profiles that are observed in the tracer diffusion results.

There are three studies of Hg tracer diffusion in
MCT(x = 0.2): Zaitov et al.,' Chen,* and Brown and Wil-
loughby * In all of these studies, there are two or three
branches reported fur the Hg tracer diffusion profiles, but
the resuits differ by at least one order of magnitude, and the
diffusion-pressure isotherms also are different. The results
for the lower temperature study (300 °C) of Zaitov et a/. are
even contradictory to their earlier work,* and they do not
explain the coexistence of the two diffusion mechanisms for
tracer-diffusion studies. One mechanism proposcd by Chen
involved the exchange of the Hg isotope with Hy in the diffu-
sion host; however, a detaiied presentation s not given’
Brown and Wiloughby' report three branches an therr
225°C Hg tracer diffusion siudies, with all the branches
preannealed

There are two studies of Hg diffusion using p-» junction
measurements" . however, the resulung diffusion coefhi-
vients differ by more than an order of magmtulde In both
studies. there 1s uncertainty in the assumptions used to cal-
culate the diffusion coeficients (e g, surface concentration
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and diffusion profiles). Schaake ef al.” has used a diffusion
model to calculate the Hg diffusion rate associated with the
annihilation of Te precipitates at low temperatures
(T <350°C), and obtained a value very close to the slowest
component of Brown and Willoughby.

There is limited information on Cd diffusion in MCT
(x = 0.2).2** Zaitov et al.® report results of an electrodiffu-
sion experiment, from which they obtain a diffusion coeffi-
cient for Cd, but they do not specify the ambient for diffusion
studies. Chen? reports two components for Cd diffusion,
which are independent of Hg overpressure. Chen attributes
the behavior to the exchange of Cd tracer with Hg and Cd.
respectively, but a detailed explanation is not given. Shaw"
reports a single component for the Cd tracer diffusion. In the
Hg-rich region, the diffusion isotherm changes from 0 to ~ |
as the temperature decreases below 400 °C, which Shaw at-
tributes to a possible change in the electroneutrality condi-
tion.

There is even less information on the Te diffusion in MCT
{x = 0.2).2'° Gorshkov'® reports one measurement of the
Te tracer diffusion coefficient at 450 °C. The results show a
change of slope for the diffusion-pressure isotherm as the
stoichiometry changes from the Te-rich conditions to the
Hg-rich condition, corresponding to a change from an inter-
stitial to a vacancy mechanism. Chen’ proposes that Te dif-
fuses by a neutral interstitial species based on doping effects
and a constant diffusion isotherm over the whole stoichio-
metric region. There is a difference between Chen and
Gorshkov's diffusion values of three orders of magnitude.

In our studies of tracer diffusion in MCT.,'* we have ob-
served complex profiles for metal tracer diffusion resulis
which are fit with multiple-component profiles. Possible rea-
sons for these profiles are diffusion short circuits, nonequi-
librium, or a complex diffusion mechanism. In the present
paper, we describe the component tracer diffusion studies
in detail and provide evidence that the observed muluple
components represent lattice diffusion. A model was pre.
viously'? proposed for this lattice diffusion that assumes two
independent networks develop as aresult of clustening. and »
refationship between the expenmental values of D * and )
was derived assuming that the thermodynamic factor of this
pseudobinary system is equal to 1. In the present paper. we
discuss the shortcomings of that model and present anim-
provement that uses a calculated thermodynanue factor
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This model provides insight into the thermodynamic prop-
erties of the system, the mechanisms of the component diffu-
sion, and the use of tracer diffusion data to describe the ki-
netics of p-to-n conversion by Hg a~nezling,

Il. EXPERIMENTS

A. Thermodynamic consideration for tracer
diffusion studies in MCT

Meaningful and reproducible diffusion measurements
must be performed under well-defined conditions. Accord-
ing to the Gibbs phase rule, for a ternary system with a single
condensed phase in equilibrium with its vapor, two intensive
variables must be fixed at a constant diffusion temperature in
order to define the system. For binary II-VI compound
semiconductors and their alloys, the component partial
pressures are customarily controlled using a separate reser-
voir containing the element in question at a fixed tempera-
ture. Tracer diffusion or annealing experiments in the
Hg, _ . Cd, Te ternary system are usually performed under
controlled Hg overpressure using pure liquid Hg as the res-
ervoir material. With the temperature and the mercury am-
bient pressures fixed, there is one remaining degree of free-
dom for the diffusion system. Brebrick'* has developed a
statistical thermodynamic analysis showing that for pseudo-
binary systems such as MCT, there are “stoichiometry in-
variants” for the sums or differences of pairs of chemical
potentials for small ratios of defect concentrations to Jattice
sites. That is, the chemical potentials of HgTe and CdTe are
independent of the stoichiometry and are only functions of
temperature and the x value. The partial pressure of Cd or
Hg for any composition x in MCT is related to the vapor
pressure of Te by the chemical potential of the correspond-
ing binary.'* Therefore, fixing Hg for a given composition
(x) fixes all the other component vapor pressures at the an-
nealing temperature.

B. Experimental procedures

The native defect equilibria may be related to the depen-
dence o1 the component tracer diffusion as a function of tem-
perature (from 350 to 500 °C) and the ambient Hg partial
pressure under conditions of uniform stoichiometry and de-
fect concentration in the diffusion host. This is achieved by
preannealing wafers in evacuated quartz ampoules with a
fixed mercury pressure ambient, under conditions identical
to the diffusion anneal. This is accomplished using a two-
zone furnace with a pure liquid-mercury reservoir at the
lower temperature. The diffusion hosts are polished single-
crystal wafers cut from coarse grained MCT (frc:n Cominco
Company).

A liquid-mercury source containing Hg ™ provides a con-
stant surface activity of Hg*®', with the relevart ~olution to
Fick's second law given by

Cix,ty = C,erfc(x/2v Dry, (1)

where C, is the surface concentration and erf. i~ the error
function complement. The tracer source for Cd .and Te were
Cd'™and Te'*"™ applied as a thin layer ( =0.1 in1) on the
surface by electrodenosition. The relevant solution s
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C(x,r) = (M*/v aDt)exp( — x*/4Dy), 2)

where M * represents the total amount of the radiotracer de-
posited on the crystal surface.

Thin parallel slices of the sample (=5-15 um) are re-
moved by a special grinding apparatus described by Gold-
stein.'> The layer thickness is determined by weight loss,
assuming a constant cross-section area. The gamma ray trac-
er activity in each section was determined with a thallium
doped sodium iodide crystal scintillation counter.

ll. EXPERIMENTAL RESULTS

The values of D # for the three components (Hg, Cd, Te)
are determined by analyzing the tracer profiles developed for
specific boundary conditions. In this section, we present the
results of the tracer diffusion for three components.

A. Hg tracer diffusion coeficient

There are typically two branches in the log C vs x plots of
the Hg tracer diffusion profiles, and each branch may be
fitted with one erfc function. The diffusion coefficients ob-
tained from these two branches are not affected by the prean-
nealing, indicating that the equilibrium defect structure has
been established within the diffusion period.

The results of the Hg tracer diffusion coefficients versus
Py, for the fast and slow component at various temperatures
are plotted in Fig. 1. (The designation f and s are used in
subscript for the fast and slow component, respectively.)
Our results are more consistent with those of Chen.? The
slope on the plot of the diffusion-pressure isotherm n
changes from — 1 to + 1 for the fast component as the
stoichiometry changes from the Te-rich to the Hg-rich con-
ditions. The D 3, values for the slow component are essen-
tially independent of Py, .

According to the analysis of defect chemistry developed
for x=0.2 MCT'® and the observed P,, dependence of
D?, ;. the dominant atomic disorder responsible for the fast
diffusing Hg component is a vacancy or an interstitial for Te-
rich or Hg-rich conditions, respectively. Since x = 0.2 MCT
is intrinsic at the diffusion temperatures, the analysis does
not specify the charge state of the diffusion species for pure
MCT. However, according to the literature, the metal defect
ionization energy is very small, and most defects are doubly
ionized.'’"'® It is reasonable, therefore, to assume that the
diffusion species are doubly charged vacancies and intersti-
tials for the fast component of Hg. The independence of Py,
for the siow component of Hg can arise from a vacancy-
interstitial complex mechanism similar to that for Cd diffu-
sion in CdTe.*® Exceptionally long annealing times (threc
months at 300 °C) are required to detect the slow component
for temperatures lower than 350 °C; therefore, we do no:
perform experiments at temperatures lower than 350 °C In
the studies by Brown and Willoughby.® the slowest compo-
nentof D}, for Hg-rich conditions corresponds to our inter-
stitial mechamism (the fast compenent). It is possible thit
they do not detect the slow component with 14-day diffusion
anneals at 225 °C. The temperature and mercury overpres-
sure dependence of the diffusion coefficients for tw o compo-
nents (fast and slow) can be expressed as
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D, ;v =4.87X10% exp( — 2.10eV /kTP ;"
at P, = 0.1 atm,

DY, ;1 =55x10""exp( —0.61 eV /kT)Py,:
at P, = 1 atm,

and
D, =607 exp( — 1.70 eV /kT):
independent of Py, .

B. Cd tracer diffusion coefficient

The plots of log C vs x* always show two branches for
preannealed samples indicating two isoconcentration diffu-
sion mechanisms. Figure 2 displays the Cd tracer diffusion
coefficients versus Py, for the fast and slow components at
various temperatures. Both components are almost indepen-
dent of Hg overpressure, with the slow component increas-
ing slightly in the Hg-rich region. Our results are similar to
those of Chen?; however, we do observe a slight increase in

D2, , at the lower temperatures and in the Hg-rich region.
This increase is not as pronounced as described by Shaw®
who reports observing only a single diffusion component.
When we overlay his 350 °C data with ours, we find that the
higher values of D &, in the Hg-rich region in Shaw’s results
correspond to our D¢, ,. The two diffusion coefficients of
Cd can be expressed in an Arhennius form as

D¢, ,=384exp( — 1.70 + 0.08¢V /kT),
Dg,, =148 exp( — 1.65 +0.05¢V /kT).

C. Te tracer diffusion coefficlent

For samples that are not preannealed, the Te tracer diffu-
sion profiles show two branches; however, for preannealed
samples only the slower branch is detected. Therefore, the
fast component is assumed to be related to chemical diffu-
sion and does not represent true isoconcentration self-diffu-
sion. The plot of log D, vs log P, for the slow diffusion
component shows a slope of — 1, indicating an interstitial
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mechanism. Our results agree with those of Chen.? Since we

do not perform experiment with doped crystals, the charge
state of Te interstitials cannot be identified. The expression

for the Te diffusion coefficient is
e, =886exp(—2151C

at P“ = | atm.

kTP,

IV. DISCUSSION 1 for the
N . we first discuss pOSSlb e reasons 0.

m“l;:j;t’ bs:n:z: in the tnoer diffusion prqﬁlw. lfredv:ous:
ly, it was proposed that diffusion proceeds in two indepen
deat petworks for the two metal species. The shortcomings
of the model are discussed, and a new model is proposed. The
previously derived relationship between component diffu-
sion coefficients (D # and D;) and thg interdiffusion coeffi-
cient (D) for pscudobinary systems 1S used to conﬁnp the
proposed models. The thermodynamic properties of this sys-
tem and the practical application of tracer diffusion results
are discussed.

The observation that the diffusion-pressure isotherms of
the two branches of the metal diffusion are well behaved and
that the results are the same for different samples is evidence
that neither branch is associated with diffusion short cir-
cuits, because the defect densities responsible for the short
circuits (i.e., dislocations or subgrain boundaries) should
vary from sample to sample. Therefore, the two branches are
associated with lattice diffusion. Furthermore, the diffusion
coefficients calculated from the two branches are indepen-
dent of preannealing schedules, indicating that the stoichi-
ometry of the sample is established rapidly compared to the
development of self-diffusion profiles.

A single self-diffusion coefficient is expected for a homo-
geneous diffusion matrix which has equilibrium defect con-
centrations. Based on evidence of clustering effect in the
MCT system,?"?? we previously proposed that there may be
two self-diffusion coefficients in two independent diffusion
networks for each metal species. Two mechanisms were pro-
posed for Hg based on the diffusion-pressure isotherm and
the relationship between the two branches, namely, a vacan-
cy(V)—interstitial(I) proceeding either in parallel or in se-
nies for the fast and the slow diffusion components, respec-
tively. (Figure 3 displays these two diffusion paths.) When
diffusion proceeds by a V-1in parallel path, the fas: diffusion
species dominates and is detected as a vacancy mechanism in
the Te-rich condition and as an interstitial mechanism in the
Hg-rich condition. For the V-1 in series path, the opposite
dependence of the V and I on Py, leads to the independence
of Df, . on Py, and D}, isrelated to D, | by the rela-
tionship:

/DY, =W1V/Dg, , + 1/D}, ).

[the calculated values of D, , are plotted with the experi-
mental values in Fig. 2(b) ], which is consistent with the in-
series mechanism.?>2¢ The relationship between the magni-
tude of DYy, , and D¢,, and D¢, ,, which have a similar
dependence on Py, are explained by the correlation fac-
tor.'®
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F1G. 3. Display of the metal diffusion paths: (I8) indicates the path for the
vacancy-interstitial in parallel process and (W) indicates the path for the
vacancy-interstitial in series process following the sequence of 1-2-3. “A"
indicates the distance of the closest approach to the Te atom; there the
distance between the diffusing metal and Te atom is ~ | of the lattice param-
eter of the zinc-blende structure.

The relationship between D and the component diffusion
coefficients for pseudobinary systems'?2* establishes a sim-
ple Darken equation

D= [Du.(l ~Xx) +DQ,X]
relating the metal intrinsic diffusion coefficients (D, ) and D,
whereas the component self-diffusion coefficients are related
to D by a complicated formula involving three D * values.
There are two important limiting forms of this formula:
when D§. > DY, or D&, the limiting formula is a Darken-
type equation

D= D (1 -x)+D&x]{TF.],

where [T.F.] is the thermodynamic factor, and when
D3, €D}, or DE,, the limiting formula is a Nernst-Planck
type of equation

D=[D3, D& )ITF)/[Dx+D8(1—-x)].

From our tracer results, D §, € D 3, under all stoichiome-
tric conditions. In our previous model, DY, ,and D¢, are
related to D by the Nernst-Planck type of equation and
D3y, and D, cansatisfy either type of equation, assuming
a thermodynamic factor of 1, which assumes that the MCT
system is an ideal solution of HgTe and CdTe. However, one
cannot interrelate D, , D8, ,, and D by either equation.
In addition, the relating fcrmula for D, ,and DY, , sug-
gests that the defect density in the two diffusion matrices is
the same, but this seems unlikely if there are clustering ef-
fects in the system.

We propose a different model that is based on a calcula-
tion of the thermodynamic factor. One can calculate the
thermodynamic factor of the HgTe—CdTe pseudobinary sys-
tern from the thermodynamic data (chemical potential of
HgTe and CdTe in the alloy) provided by Tung er ol.'*
Chemical potentials can be related to activities in the cus-
tomary way: 4, = u, + RT In a,, where a, is the activity of
component {. Thus:

u,=u, +RTIny,x,; (3

¥, is the activity coefficient of component / with u, expressed
in terms of x, and one can obtain d1ln y,/dInx, and the
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thermodynamic factor: 1 + &1n 3,/ In x.. From the analy-
tical  fit’*  of  Brebrick's  data,  fcare (X)
= — (70 855 — 45T — 2540x) cal, we obtain
dlny,/dlnx, = —067, and [T.F.]=033 for MCT
x = 0.2 at 500°C.

Treating MCT as a quasiregular solution, the chemical
potential of the components i, (i = HgTe or CdTe), can be
wntten as

8, =001 ~x)+RTInx, +u, (4)

where {1 is the interaction energy {2 = [H,p — (Haa
+ Hpp )/2) for alloy AB} of HgTe and CdTe for the cur-
rent system. Equating Egs. (3) and (4):

RTIny, =Q(1 —x,)?,
and
dlny./Inx, =20(x, - 1)x,RT. (5)

Since (x; — 1)x, is always negative, if diny,/dInx, <0
([T.F.]<1), then >0, and the mixing enthalpy of the
binary system is positive. The same conclusion was obtained
by Tung ez al.'* from the slope of the plot Q(1 — x,)? vs x,,
whereas the theoretical models ind. ate a near zero and a
slight negative value for the mixing enthalpy -’

The following are the major assumptions of the new mod-
el: there is only one self-diffusion coefficient for each metal
species; there is only one diffusion matrix; the fast compo-
nents of Hg and Cd are true self-diffusion coefficients; and
the slow components of the two metal “‘tracer” diffusion
coefficients arise from the interdiffusion between the tracer
Hg* and Cd in the diffusion host for Hg and vice versa for
tracer Cd®. There is the following evidence that the two fast
components are true self-diffusion coefficients: Te moves
much more slowly than either of the cations; D¢, <D}, ,
forx=02,D=D2, [TF.]and D¢, ;and D}, , can be
related to D by a Nernst-Planck type of equation. The two
slow diffusion coefficients, D%, , and D 2,, are intrinsic dif-
fusion coefficients and can be related to D by the Darken
equation; however, that is different from the chemical diffu-
sion coefficient that is responsible for homogenizing the stoi-
chiometry. The fact that the intrinsic diffusion coefficient for
each metal species is smaller than the selt-diffusion coeffi-
cient arises from the positive mixing enthalpy of the mixing
the HgTe and CdTe, as indicated by the calculated [T.F].

In this model, the diffusion mechanism for each compo-
nentis the same as in our previous model, but the role of each
component is different. The slow component of Hg is related
to the fast component of Hg by the same relationship as in
the previous model, but it is assumed in the new model that

these two components diffuse in a single diffusion matrix -

with same defect density. When Hg interdiffuses with Cd,
because of the relatively slow diffusion rate of Te. Hg is
slowed to maintain stoichiometry, and the intrinsic diffusion
coefficient of Hg (D}, ,) behaves differently from the self-
diffusion coefficient (D §, ), since the former involves the
slower diffusing Cd species which proceeds only by the V-1
in series mechanism. Figure 3 1llustrates that when a metal
species diffuses by a V or an I mechanism, it surmounts a
higher energy barrier (because of a closer distance of ap-
proach to Te) than the V-] in series mechanism Since the
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Cd-Te bond is stronger than the Hg-Te bond, the V-I in
series process is, therefore, a preferred one for Cd diffusion.

In the practical process of p-to-n conversion by low-tem-
perature annealing in 8 Hg-rich ambient, the Hg diffusion is
initiated under certain stoichiometric conditions which are
normally Te-rich, and the stoichiometry changes as the pro-
cess proceeds. One may calculate diffusion profiles using the
diffusion coefficient of the fast component of Hg under the
Py, conditions of the annealing experiments. The analysis of
Hg annealing at low temperature made by Schaake er al.”
gives a diffusion coefficient close to the slow component of
Hg reported by Brown and Willoughby,” and the latter is
consistent with our D §, , extrapolated to the low tempera-
ture. Furthermore, the model of Schaake ez a/. indicates that
both vacancies and interstitials are involved in Hg annealing
which is consistent with our fast component of Hg which
proceeds by V-I in parallel.

V. CONCLUSIONS

The diffusion coefficients for the three components in the
MCT (x = 0.2) system are studied by tracer techniques.
The thermodynamic considerations of the experiment are
addressed. There are two branches in the tracer diffusion
profiles for each component. We propose diffusion models
based on the diffusion isotherm studies, the defect chemistry
and thermodynamic properties of the system, and the rela-
tionship between different diffusion coefficients for pseudo-
binary systems. The results are summarized as follows: Te
diffuses much more slowly than either metal species, and the
fast component of Te is related to chemical diffusion for
attaining equilibrium stoichiometry and do not appear in
preannealed samples. The two components for each metal
both appear after preannealing and are related to the lattice
diffusion. In contrast to our former model, we propose that
there is only one diffusion matrix. The fast components for
Cd and Hg are true self-diffusion coefficients, and they are
related to the interdiffusion coefficient by a Nernst-Planck
type of equation, with a thermodynamic factor calculated
from available thermodynamic data. The slow components
of the metal species in the tracer diffusion profile are the
intrinsic diffusion coefficients and they are related to the
interdiffusion coefficient by a Darken equation. The MCT
system exhibits modest positive from ideality, with a ther-
modynamic factor less than one. This indicates a positive
mixing enthalpy of HgTe and CdTe, and is consistent with
the observed results that the intrinsic diffusion coefficient of
the metal species is smaller than the self-diffusion coeffi-
cient. The following mechanisms are proposed for the diffu-
sion of the three components: Te diffuses by interstitials: Hg
diffuses by vacancies and interstitials proceeding in paralle!l.
and Cd diffuses by vacancies and interstials proceeding in
series, because of the higher bonding energy of Cd-Te. When
Hg interdiffuses with Cd, the diffusion is slowed to conserve
lattice sites, and the mechanism is changed to be the same ax
that of Cd, the V-I in series. The Hg diffusion coefficien
used to estimate the p—n junction conversion by Hg anneal-
ing is the fast component of Hg, asumof D}, , and D},
under the experimental Hg pressure.
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Diffusion studies in the Hg, _,Cd, Te system
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An overview of diffusion studies in the Hg, _,Cd, Te system is presented which includes

experimental studies of component self-diffusion and interdiffusion, a theory of the relationship

between self-diffusion and interdiffusion coefficients for pseudobinary systems, and proposed

diffusion mechanisms. The diffusion mechanisms are proposed for self-diffusion in x = 0.2

material. The mechaaism for interdiffusion behavior and the relationship between self-diffusion

and interdiffusion coefficients are used to extrapolate experimental information to lower
" temperatures and tc predict the stability of junctions and superlattices.

\

I.INTRODUCTION

A major concern in the processing and use of mercury cad-
mium telluride (MCT) is its stability, since defects and com-
ponents move about during the processing and the operation
of devices. To quantify these features requires an experimen-
tal and theoretical knowledge of diffusion. Knowledge of
diffusion mechanisms not only allows the prediction of con-
centration profiles in specific cases, but also provides a basis
ror controlling the diffusion behavior. In this section, we will
introduce the self-diffusion, interdiffusion, thermodynamics
of diffusion, and the scope of the present work.

The tracer diffusion technique, which determines the self-
diffusion coefficient (D ?) under isoconcentration condi-
tions, is a powerful tool for determining the defect structure.
There are convenient radiotracers for all three components.
However, the information in the literature for self-diffusion
is limited in its interpretation,'™ since the ambient vapor
pressure is not clearly specified in most studies and there is
considerable disparity in the values of D? from different

studies, which may differ by as much as two or three orders .

of magnitude.'® Different diffusion coefficients are often
used without being clearly defined, and the relationship
between self-diffusion and interdiffusion is not established.
Confronted by the numerous ambiguities in the literature,
we review the fundamental definitions and relationships for
diffusion in pseudobinary systems.

The interdiffusion behavior in the HgTe—CdTe system de-
termines the sharpness of junctions in epitaxial layers and in
superlattices and is a driving force for isothermal vapor
phase epitaxy.® It also determines the rate of homogeniza-
tion of nonuniform material and the intermixing of capping
layers. Interdiffusion has been investigated principally using
an improved Boltzmann-Matano analysis.® Several interdif-
fusion studies have been reported with generally good agree-
ment.”'" The studies indicate that over the temperature
range most commonly studied (700450 *C), interdiffusion
is relatively insensitive to the ambient component partial
pressures, but there is a strong dependence on composition
(CdTe mole fraction, x). There are limited interdiffusion
data at lower temperatures which are relevant to superlattice
growth by molecular-beam epitaxy or metal organic chemi-
cal vapor deposition. Extrapolation of high-temperature in-
terdiffusion data down to low temperatures'? led 1o predic-
tions of diffusion behavior which differ from the results of
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x-ray studies of annealed superlattices.'* For example, the
latter studies indicate a lower activation energy of 0.7 eV,
which is lower than =2 eV value determined from the high-
temperature studies. One goal of the present study is to de-
termine the interdiffusion behavior of HgTe-CdTe junctions
for temperatures lower than 450°C, and to analyze the
mechanism for interdiffusion.

The classical relations between the interdiffusion coeffi-
cient (D) and the component D ? values derived for binary
systems do not explain the behavior in the present ternary
system. We give equations for pseudobinary systems from
fundamental diffusion theory, then consider the limiting
forms appropriate for the MCT system. A defect model con-
sistent with interdiffusion behavior is proposed, and is con-
sistent with the defect model developed from the observed
tracer diffusion behavior. The derived relationship provides
the basis for predicting the stability of junctions and super-
lattices from the tracer diffusion data.

In this paper, we present the following: (i) a summary of
our self-diffusion results, emphasizing the relative diffusion
rates of metal and nonmetal species, the multiple diffusion
mechanisms for the metal species in this system, and a possi-
ble explanation involving cluster formation in this alloy; (ii)
the theoretical expression for relating the self-diffusion and
the interdiffusion coefficients for pseudobinary systems, em-
phasizing the relevant limiting forms for the MCT system;
and (iii) the highlights of the previously reported results on
interdiffusion studies, and the associated defect mechanisms
for interdiffusion based on (i) and (ii).

Il. RESULTS
A. Component self-diffusion studies

Tracer self-diffusion coefficients describe the diffusion
species in the absence of driving forces which make species
move with a preferred direction. The values of D ? for the
three components (D §,,D &,, and D%, ) are determined by
using tracer sources with homogeneous samples and by ana-
lyzing the concentration profiles developed for specific
boundary conditions. Analysis using the relevant principles
of defect chemistry for this pseudobinary system provides
the basis for establishing defect models. The dependence of
D ? on mercury partial pressure ( Py, ) and the temperature
(T) was determined from 350 to 500 °C to establish the
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dominant mobile defects.! The highlights of the observed
behavior and the proposed models follow.

There are two branches in the tracer diffusion profiles for
both Hg and Cd [associated with the fast ( /) and slow (s)
components ], whereas there is only one branch for Te. The
fast component of Hg shows a dependence on Py, . The slope
ofaplotoflog D%, (/) vs log Py, for a given temperature
(called s diffusion isothérm) varies from — 1 to + 1 as the
stoichiometry changes from the Te-rich conditions to the
Hg-rich conditions. The slow component of D §, and the
. two components of Cd are essentially independent of Py,
(Fig. 1), whereas D¢, shows a P! dependence.

Based on the observed diffusion isotherms, the following
are proposed as the dominant mobile defects: interstitials for
Te (Te,); metal vacancies (¥) at the Te-rich region and
metal interstitials (/) at the Hg-rich region for the fast mer-
cury component. Both vacancies and interstitials are prob-
ably involved for the cadmium and the slow component of

|
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mercury diffusion and cause these diffusion coefficients
[D &.D %, (s)] to be essentially independent of Hg partial
pressure, as is discussed below. The dependencies of the
component diffusion coefficients on T and Py, are given by

DYsv =48TX10%exp( —2.10e¥V/kD P, at Py, =0.1atm (cm?/s);

fess =5.5%X107 " exp( — 0.61 eV /kT)P,,, at Py, =1atm

DYy, =607 exp( — 1.70 eV /kD)
8., =384 exp( — 1.70 eV /kT)

D, =148 exp( — 1.65 eV /kT)

D%, =88.6exp(—2.15eV/kDPy,,

The relative diffusion rates of the metal and nonmetal spe-
cies aver the whole stoichiometric region are displayed on a
plotof D? vs 1/T (Fig. 2) (similar to the pressure-tempera-
ture diagram). The Te component diffuses at least two or-
ders of magnitude more slowly than the fast component of
Hg for all stoichiometric conditions, and only approaches
the value of the slow components of the metal species at Te
saturation. The defects associated for metal diffusion are be-
lieved to be doubly charged.'*

B. Interdiffusion studies

In previous papers, we have characterized the interdiffu-
sion coefficient as a function of 7, stoichiometry (P, ), and
X for HgTe/CdTe couples.'*'® At higher temperatures
(T5450°C), D depends strongly on X and is insensitive to
Py, , whereas for T <450 °C, Dis less dependenton Xand T,
and more dependent on Py,. These trends are more pro-
nounced at higher X values. The dependenceof Don Xand T
is explained by defect models and information on defect for-
mation energies and the relationship between Dand D *. For
the interdiffusion a dual mechanism is proposed, namely,
both - acancies and interstitials are involved, with increasing
importance of interstitials at higher X values and at lower
temperatures.

C. Theoretical relationships between D and D7 for
pseudaobinary systems

The classical relations derived for binary systems relating
D values to the component D # values do not explain the
behavior in the present ternary system. Using the classical

J. Vac. 8ci. Technol. A, Vol. 8, No. 4, Jul/Aug 1988

at Py, =l atm

(em?/s);
(cm¥/s);
(cm?/s);
(cm?/s);
(cm?/s) .

r

Darken equation with D, (f) and either D&, value, as-
suming the thermodynamic factor ([T.F.]) equals one,
gives interdiffusion coefficients one decade higher than the
observed experimental value (Fig. 1). We define diffusion
coeflicients based on the reference frame for composition
profiles and the driving force causing atomic jumps in pre-
ferred directions. The equations for a pseudobinary system
are derived from fundamental diffusion theory using ther-
modynamic driving forces and relations. Details of the deri-
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FiG. 2. Tracer diffusion coefficients of Hg (fast and slow components), Cd
(slow component), and Te vs temperature for the whole stoichiometnc
region for x = 0.2 MCT.
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vations are provided elsewhere.!”:'® The classic Darken-type
equation is only valid for diffusion under a driving force
which arises from a regular (neutral) chemical potential
gradient, whereas our derivation is extended to include addi-
tional constraints that arise from the relative diffusion rates
of the nonmetal and the metal diffusing species, in combina-
tion with the constraints of electroneutrality and stoichiom-
etry. The resulting relation is given in Eq. (1):

D ={D&gD3, +D3,[XD8% + (1 —~N)D&]}HTF.)/
[(1=X)Dg + XD, + D1.] . (N
The thermodynamic factor is given by
[T.F.] =1+ In yuy, /010 Nyyr,
=1+491nyeer./dIn Nogr,
N, is the mole fraction .

For specific conditions, depending on the relative diffusion
rates of the metal and nonmetal species, Eq. (1) can be sim-
plified into two forms for relatively fast diffusion of the metal
species or the nonmetal species, Egs. (2) and (3), respec-
tively:

D=[(1-X)D%, +XD§,](TFE], (2)

D={Dg,Ds/[(1 =X)D3, + XD&]}TFE]. (3)

These equations are valid for all pseudobinary systems. The
limiting form of Eq. (2) is a Darken-type equation, with
[T.F.] expressed for a pseudobinary system. The limiting
form of Eq. (3) is consistent with the experimenta} data of
tracer and interdiffusion resulis for the present system with
[T.F.} = 1 ( Fig. 1). The details of these limiting cases and
their applications for the understanding of interdiffusion be-
havior and predicting the stability of the superlattices are
discussed below.

tI. DISCUSSION
A. Component self-diffusion mechanism

We first address the question whether the multiple
branches in the tracer concentration profiles represent true
self-diffusion. An identical question is whether there are
multiple independent solutions to Fick's second law if there
are defects in equilibrium. Generally, if there are no diffu-
sion short circuits and if thermodynamic equilibrium is
maintained, there should be only one solution. Since the dif-
fusion isotherm implies the involvement of vacancies and
interstitials in different regions, a mechanism involving both
vacancies and interstitials is appropriate for explaining the
fast and slow components for the Hg tracer diffusion Diffu-
sion may occur by a vacancy-interstitial dual mechanism
proceeding either in parallel or in series, depending vn the
availability and mobility of the defects. The fast component
of the Hg diffusion is associated with the Hg atom mouon
with the V- and J-associated diffusion mechanisms in paral-
lel, with the faster component dominant. Therefore. 1t 1n de-
tected as a vacancy mechanism under Te-rich conditions
and as an interstitial mechanism under Hg-rich conditions
The Hg atoms may also diffuse with the dual mechanism
proceeding in series; interstitials jump into vacant sites and
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then into interstitial sites, with the slower of these steps rate
limiting. Since each process involves more than a single type
of defect, an independent solution may exist for independent
defect motion that could be associated with two or more
“independent” diffusion channels. In the MCT system, this
phenomenon could be related to an ordering phenomenon
that would establish two separate diffusion networks with
different diffusion properties. There are experimental indi-
cations for this type of ordering,'® and Hass er al.*° have
shown that the correlation effect in this system is stronger
than previously predicted.?!

The vacancy mechanism is straightforward; however, the
mechanism involving interstitials may proceed either with
the interstitials jumping from one interstitial site to another
interstitial site or with the interstitials “displacing" the adja-
cent atom in a normal lattice site into another interstitial site.
The latter is called an interstitialcy, or a “kick-out” mecha-
nism. Both the interstitial and the interstitialcy mechanisms
involve the interstitials in the diffusion process and have the
same Hg vapor pressure dependence of the tracer diffusion
coefficient. Since the sizes of the cations (Hg and Cd) and
nonmetal species (Te) are comparable, the cations are more
likely to diffuse by the interstitialcy mechanism in the zinc-
blende crystal structure. We assume that the interstitials oc-
cupy the octahedral sites of the fcc lattice, and these intersti-
tial sites form a fcc lattice.

Forx = 0.2 MCT material. the =etai vacancy is the domi-
nant metal defect species at higher temperatures. As tem-
perature decreases, interstitials becomes increasingly impor-
tant. When the concentrations of the available vacancy and
interstitial and their mobility products are high, the vacancy
and interstitialcy mechanism proceed simultaneously with
the faster component dominant. This is the ¥~/ in parallel
process. When vacancies are less available, or there is con-
figurational constraint (i.e., in an ordered network), the in-
terstitialcy mechanism helps the diffusing atom to reach the
next availdble vacancy. By an interstitialcy mechanism, the
atom sitting in an interstitial site has a higher probability to
displace one of the six nearest atoms in the normal lattice site
into one of the six nearest interstitial sites which has a va-
cancy available on the nearest neighbor. This is the basis for
the V-1 in-series process.

For a V-1 in-series process described above, the resulting
diffusion coefficient is a harmonic average of the ¥ and [/
diffusion coefficients’*’: 1/D, = 1/2[1/D% + 1/D?]. D,
denotes that the resulting diffusion coefficient is limited by
the slower mechanism of the two. From D&, (/) values
which are composed of D} and D ¥, we can calculate D,.
The calculated D, values agree very well with our experi-
mental values for D &, (s). The independence of the D §, (5)
on Py, arises from the opposite dependence of D% and D}
on Py, . The changing importance of the defect species ex-
plains the difference between our experimental values and
the calculated D, at the two stoichiometric limits, where the
V-1 in-series process involves some degree of parallel pro-
cess for dual mechanism. For T'< 450 °C, the D §, (s) values
increase slightly with the increasing Hg overpressure, which
is consistent with the increasing importance of interstitials.

To explain the fact that the fast and slow components for

R
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the Cd diffusion coefficient have a similar Hg pressure de-
pendence as the slow component for the Hg diffusion coeffi-
cient and to obtain further insight into this ¥~/ in-series
mechanism, we consider the relationship between the diffu-
sion of the two cations, namely, the correlation factor (f])
for the metal species. The path-probability method,™*
which has been analyzed to develop the correlation formula
for vacancy diffusion in regular binary systems, is used to
obtain the formula for the metal diffusion in a pseudobinary
system with the V-] in-series mechanism. It is observed that
D2, (f)=2.5D2,(s) at higher temperatures (75450 °C),
with the fast and slow components having the same ¥-/ in-
series mechanism. The fast component is assumed to corre-
spond to Cd diffusing in the phase with a random arrange-
ment in metal, and the slower diffusing component
corresponding to those taking the “‘most probable” path in
the ordered phase with /&, = 0.4. Since the calculated cor-
relation factor for Hg is close to 1, only one Hg diffusion
component associated with the V-/ in-series process is de-
tected experimentally, in contrast to Cd. The main diffusion
process for Hg in the “‘random phase” is -/ in-parallel pro-
cess, while the main diffusion process for Hg in the "ordered
phase” is ¥-I in-series process due to the preferred configu-
reticn of the nearest metal ions.

The correlation factor in the alloy is not only a function of
crystal symmetry, but also a function of the temperature and
the composition of the alloy. The different behavior of the

tracer diffusion coefficient in different temperature regions-

can be explained by the temperature dependence of the cor-
relation factor, and the increased importance of the intersti-
tials as the temperature decreases. Based on our proposed
mechanism, we can predict the behavior of the tracer diffu-
sion of cations in alloys of other compositions.'*

B. Relationship between D and Dy

For pseudobinary systems, the relationship between D
and D, is the same as for a binary system and is described by
the Darken equation. There can be driving forces in addition
to chemical potential gradients and these forces may influ-
ence the cation interdiffusion in pseudobinary systems. The
relationships between D, and D P and D and D * are compli-
cated by the diffusion of & common anion. The physical in-
terpretations for the two limiting cases are given here. When
doubly charged ions are the dominant diffusion species, the
constraint of electroneutrality establishes a relationship
between D, and D ? which can be simplified depending on
the relative diffusivities of the anions to the cations. If the
anion moves relatively more rapidly than the cations, then
the Hg and Cd move as if HgTe and CdTe ncutral particles
are diffusing and the electroneutrality and the \toichiometry
are always maintained. The formula for interdiffusion is sim-
ilar to the Darken-type equation for a binary system [Eq.
(2)]. However, if Te moves more slowly than the faster dif-
fusing cation, an electrical field will develop which will slow
down the faster species and speed up the slower «pecies: the
cation diffusion fluxes are coupled. The intrinsic diffusion
rate of two cations are equal and the interdiffusion rate will
be dominated by the slower cation. When diffusion occurs at
elevated temperatures where the material 15 intrinsic, an
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electric field cannot be sustained, and the interdiffusion
should proceed as a neutral case. If local defect equilibrium
is not maintained, however, the conservation of lattice sites
requires the flux of cations to be equal, and one obtains the
same relationships for D and the D # as for the case of the
slowly moving anion (Te) in the extrinsic state. This is con-
sistent with our experimental data. The lack of local equilib-
rium is also confirmed by marker experiments.?

C. Interdiftusion mechanism

The interdiffusion may be analyzed using the relationship
between D and D # and the defect model established from the
self-diffusion studies. The interdiffusion behavior for regions
of different tempersture and Hg overpressure is explained
assuming that interdiffusion is dominated by the dual mech-
anism for the metal sublattice which proceeds in series with
the fast Hg diffusion mechanism ( ¥~/ in parallel) slowed to
maintain stoichiometry.

IV. CONCLUSION :

The component tracer diffusion coefficients for the MCT
(x =0.2) pseudobinary system have been studied under
well-defined diffusion ambients. The diffusion mechanism 1<
established based on an analysis of the dependence of the
self-diffusion coefficient on the Hg overpressure utilizing the
principles of defect chemistry for MCT. In x = 0.2 MCT, T¢
diffuses by interstitials, and moves more slowly than either
metal species under all stoichiometric conditions. Both H.:
and Cd diffuse by a dual, vacancy-interstitial mechanism
The existence of the multiple branches in the tracer concen-
tration profile may be an indication of the existence of an
ordered phase. Depending on the adjacent vacancy availabil-
ity, Hg diffuses by either V-Iin parallel or in series, with the
faster mechanism dominating in the parallel diffusion path.
and the slower mechanism dominating in the later, and the
slower mechanism is presumed to be the only mechanism for
Hg diffusion possible in the ordered phase due to the pre-
ferred configuration of the nearest neighbors on the metal
sublattice. The concentration of Cd (x = 0.2) is less than
that of Hg, and there are fewer vacancies adjacent to Cd.
therefore Cd moves dominantly by V-I in-series process
The two Cd diffusion coefficients might arise from the Cd
diffusing in different networks, with the alloy being random-
ly distributed in one network and ordered in the other. The
behavior of the cation tracer diffusion coefficients at lower
temperatures (7 <450 °C) is consistent with a more impor-
tant role for the interstitial species.

The relationship between interdiffusion coefficient and
the component intrinsic diffusion coefficients and tracer dif-
fusion coefficients are derived for pseudobinary systems us-
ing Hg, _,Cd, Te as an example. The principles are applic.a-
ble for all pseudobinary systems, and provide a basis for
predicting low-temperature stability of junctions and super-
lattices from the diffusion data.

Based on the experimental results of self-diffusion. inter
diffusion, and the equation interrelating the two for the
MCT pseudobinary system, we propose a mechanism for
interdiffusion. For MCT in the intrinsic region, the relative-
ly slow diffusion rate of Te adds a constraint to the lattice
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stoichiometry; to maintain stoichiometry, the diffusion
fluxes of metals are coupled such that the slow diffusing met-
al species are rate limiting. The lower temperature behavior
of interdiffusion is also consistent with an increased impor-
tance of interstitials.
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Appendix K:
The Relationship Between Component Self-diffusion Coefficients and Interdiffusion
Coefficient for Pseudobinary Systems
Department of Materials Science and Engineering
Mei-Fan Sung Tang and David A. Stevenson
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Abstract
A general relationship between the interdiffusion (D) and component self-diffusion

coefficients (D*;) for pseudobinary systems is derived using the basic definitions of the

diffusion coefficients and the constraints appropriate for pseudobinary systems. The
Hg.xCdxTe (MCT) system is used as an example of such a system. The relationship
between D and the intrinsic chemical diffusion coefficient (D;) is the same as for a binary
systemn and is described by the Darken equation. In pseudobinary systems there are relevant
diffusion driving forces in addition to neutral chemical potential gradients and the
relationships between D; and D*; and D and D*; are complicated by the diffusion of a
common non-metal species. The physical meaning of the resulting equation is explained by
the limiting behavior of the general equation. A Darken-type equation is obtained when there
is only a neutral chemical potential gradient for metal diffusion species such as the case of a
common non-metal species moving much faster than the metal species. However, when the
common non-metal species diffuses more slowly than the metal components, the resulting
interdiffusion coefficient is related to the D*; by a Nernst-Planck-type equation, since the
electroneutrality and/or the conservation of lattice sites requires the flux of metals to be
coupled. The slow movement of the common non-metal species plays the same role as lack
of attainment of vacancy equilibrium in binary systems. Our experimental results of the D

and D*, values in the MCT system support our theoretical analysis.




I. Introduction

Interdiffusion in quasi-binary systems is of interest because it influences the sharpness
of the junctions in epitaxial films and superlattices. Specific examples of such systems are
HgTe/CdTe and GaAs/AlAs heterojunctions and superlattices. Interdiffusion has been
analyzed for binary crystal systems! and amorphous systems? for the case of two species
diffusing at different rates. However, there is no formal analysis of the corresponding
diffusion in the pseudobinary systems, where two sublattices are involvedS. The
interdiffusion behavior in some systems, such as the HgTe/CdTe (MCT) system is further
complicated by the existence of multiple mechanisms for the diffusion of the metal species.
Without an explicit relationship between the interdiffusion and component self-diffusion for
pseudobinary systems, one can not predict the stability of junctions in such systems from
component diffusion data. In this paper, we derive a general relationship between the
interdiffusion (D) and component self-diffusion coefficients (D*;) for pseudobinary systems
using the basic definitions of the diffusion coefficients and the constraints appropriate for
pseudobinbary systems. We discuss the physical meaning of the resulting equation by
examining the limiting behavior of the general equation, and compare with experimental
results. Although we use the MCT systen: as a specific example, the results apply quite

generally for all pseudobinary systems.

I1. Derivation
A. Definitions of Diffusion Coefficients

Fick's first law defines a diffusion coefficient D for planar diffusion by the equation:

J; = -D;(0C;/0x) ()

where J; is the flux of the i species and C; is the concentration. The fluxes and diffusion
coefficients are measured with respect to driving forces and reference frames. The term
“"driving force” (F) is related to any gradient that induces species to move in a preferred
direction, rather than random motion.

The flux of species i is given by the velocity -concentration product:

Ji=GviF @)




where, in a linear theory, v, is proportional to the force, whici arises from any potential
gradient ( The subscript F emphasizes the velocities arise from a driving force.) Since the

partial molar Gibbs free energy ( G; ), the extended chemical potential, includes all of the

possible potentials, the general equaiion for v;g is expressed in terms of the gradient of G;:
vi= -B; (9G; /ox,, 3)

where B, is the mobility , and
J;=-L, (3G; /0x) 4)

with L; =BG . (5)

where L, is designated as the phenomenological transport coefficient.

A simple application of equaton (1) is for diffusion of a trecer isotope (in very dilute
concentrations) in an otherwise homogeneous crystal with no driving forces. The only tactor
that produces a net flow of tracer atoms is the tracer concentration gradient. The
corresponding diffusion coefficient is designated as D* and is called the tracer diffusion
coefficient.

A basic diffusion equation can be written as:

Jiz -D"‘i (acl /ax)+ CiViF (6)

The term -D* (8Ci /0x) arises because there are more atoms of the diffusing species on one
side of the reference plane than on the other, but there is no preferred jump direction. This
term is the same as the single term for tracer diffusion. The term C,v;F arises from the
preferred jump direction of individual atoms due to a driving force which provides an
average drift velocity v;E.

The intrinsic diffusion coefficient, normally designated as D;, is the diffusion
coefficient arising from driving forces which are proportional o the concentration gradient.
One such driving force arises from a gradient in the mixing enthalpy and the excess entropy
in a nonideal solid solution. In this case, D; is equal to D*; times a thermodynamic factor [
1+ (alnyiﬁlnci)}. This relation is obtained from the basic definition of the chemical potential
of the species (Eq. 4), and the basic diffusion equation (6). The intrinsic diffusion

coefficient corresponds to the lattice plane reference frame. The diffusion coefficients with
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the same driving force but referred to any reference frame different from the lauice planes are
called chemical diffusion coefficients, even when the driving force includes other possible
forces.

When two species move in opposite directions of respective chemical potential
gradients, the two species intermix, with the rate of mixing dependent on the diffusion rates
of both species. When two species interdiffuse with unequal intrinsic diffusion coefficients,
there is a net atom flux across any lattice plane in the diffusion zone causing the crystal to
swell on one side of the diffusion plane and shrink on the other side. Each lattice plane in the
diffusion zone thus acquires a velocity vy with respect to the laboratory frame (L), whichis a

reference plane fixed at one end of the crystal under conditions that no interdiffusion occurs

at the end of crystal (semi-infinite boundary conditions).
The flux of species i measured with respectto L, { J;, is related to the flux measured
with respect to the lattice in the diffusion zone, J;, by the following expression:
LJi = Ji+Civk - (7
From the definition of the intrinsic diffusion coefficient , equation (7) can be written as:
Ui = - Dj(9C;/0x)+C;vy (8)
The interdiffusion coefficient is defined as a chemical diffusion coefficient referred to the L
frame:
LJ; = - D(9C;/0x) )

The interdiffusion coefficients are in general different from the intrinsic diffusion
coefficients.

B. The relationship between D and D¥;

A relationship between the two measurable quantities, D and L**; , is derived through
relationships to the intrinsic diffusion coefficients (D;). In the following section, D; will be
designated as the intrinsic diffusion coefficient only.

(a) The relationship between D; and D¥;

The following relationship is obtained from the basic diffusion equations and the

definition of diffusion coefficients.

D*, =L,RT/C; (10)

_




This relationship is generally valid for all driving forces. On the other hand, the relationship
between D; and D*; , given in Eq.(11)
D*; = D; (1+ dlny/dInG;)"! an
is valid only for the regular neutral chemical potential gradients. And
dlny;/dInC;= dlny;/dInN;
where N; is the mole fraction of species i, under the constant molar volume condition.
(b) The relationship between D and D,
(i) For a binary system, the " Darken equation” relates D and D; as follows:
D=(N,oDg+NgDy) (12)
This can be derived from the flux equations for A and B with the following constraints :
tconservation of atoms, } Jp+1 Jg=0; Npo+Npg=1; and (6N 4 /0x)= - (0Ng/0x).
(1) For a pseudobinary system such as Hg;_yCdyTe, where X= N;, is the mole fraction
of CdTe in 1 mole of Hgy_xCdxTe and
NHg*Ncg=NTe=1. Ngg=NygTe 2nd Ncg=NcgTe
The Darken equation relating D to D;, D = (NHgDCd + NCdDHg)' can be derived as
follows. The interdiffusion coefficient corresponding to the diffusion flux equation is
referenced to the laboratory frame:
LJHg= - LDHg ( acHg/ax )
where, according to the above definitions, LDHg is the interdiffusion coefficient (D).

By the conservation of lattice sites, the net flux of diffusing species is zero everywhere
in the crystal, with the fluxes referenced to the lattice frame (1), which is the appropriate
reference frame for intrinsic diffusion coefficients:

1Hg * Ucd + Te =0 3
Selecting the common anion as the reference, then the lattice velocity V| can be written as
1= Te Vm (14)
where V. is the molar volume and
LI =i+ Gy (15)
An expression for the Hg flux is obtained by combining (13), (14) and (15):
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= [(NHg-l) DHg - NHg D4l (acHg/ax) (16)
Since CHgvm"'NHg and Ny g+NCd=1
LJHg = “[NCdDHg + NHgDCd] acHg/ax
=-D BCHg/ax

D =[N¢g DHg*‘NHg D4} 17)

Therefore, the interdiffusion coefficient and the metal intrinsic diffusion coefficients are
related by the Darken equation when the anion sublattice is chosen as the reference.
(c) The relationship between D and D*;

(i) For a binary (AB) system with only chemical potential gradients, a Darken type
equation is obtained by combining the Gibbs - Duhem Equation for binary systems ( Nady o
+ Ngdup = 0) with the relationship between D; and D;* , and the Darken Eq.(Eq.12)

D =(NpDg + NgDp)
= (NAD*g + NgD*4) (1 +3ln y5/0InN ) (18)
with the quantity (1 + dln ¥, /9InNp)= (1 + dln Yg/dInNp),! designated as the
thermodynamic factor ([T.F.]). Equation (18) is usually called the Darken equation. In order
to differentiate other types of relationships between D and D*;, we refer to Eq.(18) as a
"Darken- type equation”, and use "Darken equation” to designate Eq.(12) which describes
the relationship between D and D;.

If two ionic species of the same charge interdiffuse with different rates, there is an
initial transient period during which a diffusion potential develops, which establishes a zero
net ion flux. In this case the driving force for the preferred motion can be shown to be
proportional to the concentration gradient. Cne can derive the following relationship between
D; and D* from the fundamental diffusion equations and definitions:

Dp= (D*AD*B)/(NAD*A+NBD*B), and interdiffusion coefficients equal to the intrinsic
diffusion coefficient of each ions:
D=Dp=Dpg= (D*,D*g)/(NyD*5 +NgD*p) (19)
This equation is a Nernst-Planck type of equation®.
(ii) We derive the relevant relationship between diffusion coefficients for pseudobinary

systems using MCT as an example. Depending on the relative mobility of the common atom




(such as Te in HgTe-CdTe), there may be additional constraints of electroneutrality (for
charged species) along with a Gibbs-Duhem equation of a different form from that for a
binary system. We, therefore, derive the relationship between D; and D*; through the
relationship between L; and D*; (Eq.10) which is generally applicable and then relate D and
D#*; with the Darken equation. This is presented in the following steps:

10: The Gibbs -Duhem Eqn.(G. D. E.) for a pseudobinary system can be written as:

CHgTe 9 HHgTe + CcdTe d HedTe =0 (20)
which is equivalent to
CHg 4 BHgTe*Ccd d KCdTe =0 (21)
Since NHch*'NCdTe:l' we obtain:
oln Y3 Te/dINNggTe = 010 YogTe/AINNCATe (22)

20: If the major diffusing species are charged species (e.g. doubly ionized ions), then the
flux Eqgs. for all the components are:
J; =-Li(9n; /ox) (i=Hg,Cd,Te)

where T; is the electrochemical potential, n;= p;+q;F, ¢ , q; is the charge on the diffusing
species, F, is the Faraday constant, and ¢ is the electric field.
30: The electroneutrality condition ( E. N.C. ) requires that X q; J; = 0. Combining all the
fluxes equations in 20 with the electroneutrality equations ( E. N. E.) leads to the following:

mpgp( Mgt A% ) + My @Oncy*? Ax)- mpfonp, 2 /ox) =0 (23)

where we define m; = Lj/ZL; as the relative transport coefficient, with ¥m; = 1.

40 . Hg+2 +Te?= HgTe ; d HHgTe = d qu“"Z +d “Te-z
Cd*2+Te2=CdTe ; ducgTe=dHegte +dupe?

50. d HHgTe = d qu+2 +(2F,0) +d “Te-z +(-2)(F,0)
=d an*’z +dnre2, and similarily

d HegTe = d Mgt +d N2




6°: Combining 5° with Eq.(21) and 49 :
pyg*2 Bx =[my(Cre/Cog*mrel Mpgredx (24)

79: For a Hgy_xCdxTe solid solution :

al"Hch/ax = RTo(n YygTe NHch)/a"
=RT[T.F] (BCHglax) /CHg (25)
with the thermodynamic factor ([T.F.]) defined as :

[T.F.)=1 +(8]n ‘YHgTe/ alnNHch)
=1+ (dIn Y41/ 0InN(4Te), according to Eq.(22) (26)

89: Combining (24) with (25),and substituting into the flux Egs. in 20
JHg =- LHg d T]Hg+2 /ox
= RT [ mgg (Lyg/Chg) (CT/Cd) + e (Lpgg/Chg) 1 [T 3Cy/3x

According to the definition, DHg is the intrinsic diffusion coefficient.

9o: DHg =RT (LHg/CHg)[ mCd (CTC/CCd) + m—rc] [TF]
Since m.=1- M- My and CTc‘CCd=Cng
Dpyg = RT Lyggl (1/Chp) + (meg/Ceg - myg/Cyg) 1 ITE]  (28)

Similarily, DCd =RT LCd [(I/CCd)+ (mHg/CHg - mCd/CCd)] [T.E] (29)

10°: Since Eq.(10), L;=D*,C;/RT, is valid in general
DHg= D*Hg[l+mCd(CHg/CCd)-mHg] [T.F.] (30)
DCd= D"'Cd[ 1+mHg(CCd/CHg)-mCd] [T.E.] (31)

110: Substituting (Eq.30) into (Eq.17): D = (CHgDCd + CCdDHg) Vi
CHg D*Cd {1+ mHg( CCd /CHg) -mCd] } [T.F.) Vm

8




=[Ccq D*Hg + CHgD*cat D*Hg Mcd CHg- D*Hg Ccd mHg*

129; Using X = Co4TeYim 20 CTeVm = (CcdTe + CHgTe) Vi = 1 With
1-X = CHchVm , (32) becomes:
D = [X D*y, + (1-X)D*cg + (P*Hg ZL)(LegCrg LHgCoar*
(D*cd ZLLHgCcqd- LedCrg) [T-F]
=[X D*y + (1-X) D*¢q - X(-X) (D*gg - D*cg)? 1 [T.F] (I/ Viy RTEL)
(33)

139: With RTVmZLi =V RT (LHg + LCd +Le)
= Vm RT (D*HgCHg/RT + D"‘CdCCd/RT + D"'TCCTC/RT)
= (1-X) D*gg + X D*cg+ Dpe* (34)

then,
D= (D*HgD*Cd*’ D*TC[XD*Hg+ (l-X)D*Cd]}[T.F.} 1 A-X) D*Hg +X D*cqt D*7e
(35)

OI. Discussion

The relationship between D and D*; , equation (35), is derived for a pseudobinary
system using MCT as an example. We assume that the mobile species are ions, and derive
the relevant equations for extrinsic conditions. In this section, we discuss the results by
analyzing the limiting forms of the equation and the physical interpretation. We also consider
the relevant equations for intrinsic conditions.
(a) When the major diffusion species are ionized

Equation (35) is for a pseudobinary system involving the transport of ionic species
with the same electric charge and is complicated by simultaneous anion diffusion. However,
the equation can be simplified to two limiting forms depending on the relative diffusivity of

the cations and anions.




(i) Case 1: Anions diffuse much more slowly than cations:
If D*T, is smaller than either D*4 or D"‘Hg, Eq.(35) can be simplified by neglecting
D*T., or the electroneutrality eqbation (23) may be simplified as follows:

mHg d T\Hg+2 [ox + mey d T\Cd+2 ox=0 (36)
By algebraic rearrangememt, we obtain the following expression:
D =( D*cyq D*y/[XD*cq + 1-X) D"Hg]} [T.F.] 37
and D=DHg=DCd

The interdiffusion rate is dominated by the slower cation, and it is a Nernst-Planck

type of equation.
(i1) Case 2: The anion moves faster than both cations:

If Dre* is larger than D*(~4 and D*Hg , then we obtain a Darken-type of equation either
directly from Eq.(35) , or using mT, = 1 in the derivation:

DHg = D*Hg [T.F]
Dy =D*4 [TF}

and D =[(1-X) D*4 +X D"Hg] {T.F] (38)

When the diffusion species are ionized species with the same charge, it follows from
the above discussion that if the common anion moves more slowly than either cation, an
clectric field is built up in the same manner that a diffusion potential is established for a single
binary case. A force arises to balance the diffusion of the two ions and the diffusion flux of
the cations are coupled. This is equivalent to stating that the electroneutrality condition
requires that 'ng' =ljcg! and the interdiffusion rate is dominated by the slower cation. If
the anion moves faster than either cation, the interdiffusion coefficient is an algebraic average
of the two cations, similiar to diffusion in a binary system in the presence of neutral chemical
potential gradient only; the chemical diffusion coefficent of each cation is the same value as
the tracer diffusion coefficient times the [T.F.]. The anion can always keep pace with the
cations and the electroneutrality condition can be accomodated even if the cation species
diffuse at different rates. One may consider this case as diffusion of HgTe and CdTe

species, and the Gibbs-Duhem equation can be written for HgTe-CdTe binary system. The
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resulting interdiffusion equation is therefore the Darken-type of equation with a
thermodynamic factor expressed in terms of a binary (Eq.26).
(b) Interdiffusion under intrinsic electronic conditions

At diffusion temperatures of interest, Hgj_xCdyxTe is intrinsic, and thermally
generated electrons and holes are the dominant electrical species. The electric field, which
arises from the different diffusivity of the cations, is not sustained, and the electroneutrality
condition is no longer a criterion and neutral chemical potential gradients are the driving
forces. A general relationship can be derived based on the same principles except that instead
of the electroneutrality constraint requiring that the total flux of species must be zero , one
may invoke the conservation of lattice sites as a constraint. The resulting equation is:

D= {D*HgD*Cd*- D*TC[XD*Hg+ (1-X)D*gl) [T.E]1 /[ (-X) D"'Hg +X D*y4-D*1e ]
(39)

The limiting forms of this equation for relative values of diffusion rates of metal to non-metal

species provides a basis for a physical interpretation of this equation.

We obtain the same limiting form for the Eq.(39); a Nernst-Planck type when
D“'—I~¢<<D"'Hg and D*, and a Darken-type when D*Tc>>D*Hg and D*(~; . Since electric
field is not sustained for intrinsic electronic disorder, it would appear to be that the Te
diffusion rate should not have influence on the interdiffusion rate, and the diffusion behavior
should be like a pure binary system with a chemical potental gradient, with a Darken-type
equation governing. However, for a binary system, there is an implicit assumption in the
development of the Darken equation, that there is the internal thermodynamic equilibrium.
The local defects (vacancies)- which are responsible for diffusion- attain local equilibrium,
and these defects are produced or removed at the sites of the repeatable growth. A different
approach has been taken by Stephenson? to show that if the local defect is not achieved, the
resultant interdiffusion would be the Nernst-Planck type, and the derivation for binary
system involves the third component, the vacancies, in the flux equations. In pseudobinary
systems, if we require the net flux to be zero everywhere, it is identical to considering local
defect equilibrium for binary systems. The common non-metal lattice in the pseudobinary

systems plays the same role as the local defects in binary systems. When the non-metal
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moves much more slowly than the metal species, the constraint of conservation of lattice sites
has the same effect as failure to attain the local defect equilibrium in the binary systems; this
requires the flux of two metals to be coupled and a Nernst-Planck type equation is the result.
In a previous paper’, we have shown that Hg diffuses simultaneously by two
mechanisms in MCT. Hg diffuses much faster than Cd, and Te diffuses more slowly than
cither of the two metal species. In the intrinsic region, the tracer diffusion coefficients of the
fast component of Hg and Cd, which are the true self-diffusion coefficients, can be related

to the interdiffusion coefficient by the Nernst-Planck type equation only.

IV. Summary

The relationships between the interdiffusion coefficient and the component intrinsic
diffusion coefficients and the tracer diffusion coefficients are derived for pseudobinary
systems, using Hgy_yxCdyTe as an example. The relationship between D and D; is decribed
by the Darken equation, and is the same as for a binary system. Driving forces other than
neutral chemical potential gradients influence the cation interdiffusion in pseudobinary
systems; the relationships between D; and D*; and D and D*; are complicated by the
diffusion of a common anion. When doubly charged ions are the dominant diffusion
species, the constraint of electroneutrality establishes a relationship between D; and D¥;
which can be simplified depending on the relative diffusivities of the anions to the cations. If
the anion moves relatively faster than the cations, then the Hg and Cd move as if HgTe and
CdTe neutral particles are diffusing and the electroneutrality and the stoichiometry are always
maintained, and the formula for interdiffusion is the Darken-type equation. However, if Te
moves more slowly than the faster diffusing cation, there will be an electrical field built up
which will slow down the faster species; the cation diffusion fluxes are coupled. The
intrinsic diffusion rates of two cations are equal and the interdiffusion rate will be dominated
by the slower cation. When diffusion occurs at temperatures where the material is intrinsic,
an electric field is not sustained, and one might expect the interdiffusion behavior 1o be
governed by the regular binary interdiffusion with only a chemical potential gradient.

However, a Darken-type equation does not apply for a ternary system when the common
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non-metal species diffuses more slowly than the metals since the conservation of lattice sites
requires the flux of metals to be coupled. The resulting interdiffusion coefficient is related to
the D¥; by a Nernst-Planck-type relation. The slow movement of the common non-metal
species plays the same role as lack of attainment of va;:ancy equilibrium in binary systcn\u.
All the limiting forms for pseudobinary systems are governed by the same relation as for
binary systems, except for a different thermodynamic factor which arises from a different

form of the Gibbs-Duhem Equation.
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